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ABSTRACT 
A proceduse i s  presented for calibration of both the water and sediment 
yields estimated by the MULTSED model. The procedure consists of s,equential 
t? 


















conditions of the watershed and the workings of the MULTSED model in an 

iteration procedure to estimate the detachment coefficient values which 

allow the model to match the measured sediment yield, 

The calibration procedure is applied to 17 storms events on five small 
mideastern watersheds with good results in terms of quality of hydrologic fit, 
reasonableness of calibrated parameter values, and efficiency of computation, 
The calibration results lead to important conclusions which demonstrate the 

utility of' MULTSED including:- guidelines for simulation of' ungaged waterr 

sheds, selection of detachment coefficients corresponding to different 

-.-" -
management practices, and calibration of larger watersheds; and the transfer- 

r*nr l imnnf  n a r x m ~ t . ~ ~ ~a b i l i t y  hydr010gi~ o c u r r , r L l r ~  t r i a lJ a,.Aw pu. .-.-...- - - = Additionally, an 
L. 
example demonstrating parameter transferability is presented. 

Finally, five errors in the existing MULTSED codes are identified and 

corrected, Furthermore, three improvements for the current MULTSED codes are 

suggested, These irnproven~ents deal with the number of channel reaches used in 

the numerical routing procedure and the effects of the sediment size distribu-
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1 .  	 INTRODUCTION 208 N .  Romine S t ree t  
Urbana, I l l i n o i s  618G. 
1 .1 Background 
The U.S. Army C o n s t r u c t i o n  E n g i n e e r i n g  Resea rch  L a b o r a t o r y  ( C E R L )  h a s  
i n i t i a t e d  a r e s e a r c h  p r o j e c t  a imed a t  t h e  ma in tenance  of  t h e  e n v i r o n m e n t a l  
q u a l i t y  o f  t h e  U.S. Army t r a i n i n g  a r e a s .  One key problem f a c e d  by Army l a n d  
managers is d e c i d i n g  when e n v i r o n m e n t a l  c o n d i t i o n s  h a v e  d e c l i n e d  t o  t h e  p o i n t  
where r e m e d i a l  a c t i o n  is needed .  T h e r e f o r e ,  one a s p e c t  o f  t h i s  p r o j e c t  is t h e  
i d e n t i f i c a t i o n  and  i m p l e m e n t a t i o n  o f  methods which w i l l  assist t h e  l a n d  
managers i n  t h i s  d e c i s i o n  making p r o c e s s .  
One measure  o f  e n v i r o n m e n t a l  q u a l i t y  i s  t h e  magni tude  o f  t h e  e r o s i o n -  
d e p o s i t i o n  p r o c e s s  and t h e  r e s u l t i n g  s e d i m e n t  y i e l d .  T r a i n i n g  a c t i v i t i e s  w i l l  
a f f e c t  s e d i m e n t  y i e l d  by d i s t u r b i n g  t h e  s o i l  and d e s t r o y i n g  v e g e t a l  ground 
c o v e r .  Subsequen t  heavy s t o r m s  w i l l  c a u s e  i n c r e a s e d  s e d i m e n t  y i e l d .  A 
m a t h e m a t i c a l  computer  model which  w i l l  p r e d i c t  s e d i m e n t  y i e l d  c a n  be  a u s e f u l  
y--.a..+.. Such a model s h o u l d  r e f l e c t  the v a r i a b l e s  which c o n t r o l  n l ~ n n i n g t o o l .  
s e d i m e n t  y i e l d  i n c l u d i n g  s o i l  t y p e ,  v e g e t a l  c o v e r ,  and  h y d r o l o g i c a l  f a c t o r s .  
-
If t h e  l a n d  manager c a n  r e l a t e  t r a i n i n g  a c t i v i t i e s  t o  changes  i n m o d e l  
p a r a m e t e r s ,  t h e  model w i l l  b e  u s e f u l - f o r  e v a l u a t i o n  o f  a c t i v i t i e s  and 
p r a c t i c e s .  
I n  a n  e a r l i e r  r e p o r t  (31) s e v e r a l  models  --- were i d e n t i f i e d  and  two were 
s t u d i e d  t o  e v a l u a t e  t h e i r  s u i t a b i l i t y  as an  e v a l u a t i o n  t o o l .  The MULTSED 
model ( M u l t i p l e  Watershed Storm Water  and Sediment  Runoff and S i m u l a t i o n  -
Model) ( 2 7 , 2 8 )  was s e l e c t e d  f o r  f u r t h e r  development  and  implemen ta t ion .  T h i s  
r e p o r t  a l s o  examined t h e  s e n s i t i v i t y  and r e s p o n s e  o f  MULTSED t o  a r t i f i c i a l  
s t o r m  e v e n t s .  
1.2 Objectives 

In order for the model to be used by land managers it must be calibrated 

for the specific watershed to be simulated. That is, the various parameters 

used in the model must be assigned values corresponding to local conditions. 

Some of these parameters are directly related to physical characteristics or 

properties of the watershed. Others cannot be measured and hence require 

experience or guidance to evaluate. 

It is the objective of this study to develop a procedure and guidelines 

for calibration of MULTSED. This procedure will vary, depending on the 

available data and size of the watershed. Emphasis is placed on small 

watersheds since it is anticipated that most applications will involve this 

size. In addition, experience with the model has uncovered some errors in the 

original version and some suggested improvements. These errors and improve- 

ments are documented, 

1 .3 Approach 
A formal calibration program was developed to evaluate the hydrologic 
-
model parameters based on a best fit criteria between measured and computed 

runoff hydrographs. This proceduretis-..based on the generalized reduced 
gradient ( GRG )  algorithm. Subsequently, the sediment parameters are evalu- 
ated. The procedure is summarized and guidelines are presented. -..-
1.4 Scope 

The formal calibration procedure was developed using the first component 

of MULTSED which does not incorporate separate channel routing, and thus 

channel erosion parameters are not included. However, guidelines for evalu- 

ating the channel erosion parameters are included. 

Corrections to the model are described and their effect is demonstrated. 

A very brief summary of the essential components of the model is 

pesented here. For a more detailed description see (27,28,31). 

MULTSED is a single event, distributed, deterministic simulation model. 

The model contains two basic components: a hydrologic and hydraulic routing 

component which computes storm runoff hydrographs and a sediment component 

which computes sediment concentration hydrographs and sediment yield. These 

components are summarized below. 

1.5.1 Runoff Component 
. . 
. MULTSED utilizes a watershed representation which consists of three types 
of homogeneous hydrologic units. The first is a two-plane, single channel 

"open book" subwatershed which is used to simulate the upstream portions of a 

watershed. A channel unit is used to represent downstream reaches of a river, 

and single plane units represent areas which produce lateral discharge into 

the channel units. The number and size of these units for a specific water- 

shed are determined by the user. 

-
Runoff is computed from the subwatershed and single plane units using an 

analytical solution to the kinematic wave equation. Input is the effective 

- -... -
rainfall hyetograph. The flow is routed through the channel units using a 

numerical kinematic routing scheme. 

.--. 
Rainfall abstractions consist of interception and infiltration. Inter-

ception is satisfied during the initial part of the storm. Potential unit 

interception by canopy and ground cover are utilized together with fraction of 

the area covered by each. Potential infiltration is determined using the 

Green and Ampt equation written in an explicit incremental form. 

1.5.2  	 Sediment  Component 
Sed imen t  y i e l d  is d e t e r m i n e d  by comparing p o t e n t i a l  s ed imen t  s u p p l y  w i t h  
s e d i m e n t  t r a n s p o r t  c a p a c i t y .  A c t u a l  s e d i m e n t  movement o r  d e p o s i t i o n  is 
de te rmined  by t h e  lower  v a l u e  o f  e i t h e r  t h e  a v a i l a b l e  s u p p l y  o r  t h e , t r a n s p o r t  
c a p a c i t y  . 
The s e d i m e n t  s i z e  d i s t r i b u t i o n  i s  broken i n t o  a  s e t  of  s i z e  r a n g e s ,  e a c h  
o f  which is t r e a t e d  i n d e p e n d e n t l y .  The t o t a l  t r . a n s p o r t  c a p a c i t y  i s  t h e n  t h e  
sum o f  t h e  t r a n s p o r t  r a t e  f o r  e a c h  s i z e .  F u r t h e r m o r e ,  t h e  t r a n s p o r t  r a t e  f o r  
e a c h  s e d i m e n t  s i z e  c o n s i s t s  o f  bed- load and suspended  l o a d  r a t e s .  The 
bed- load t r a n s p o r t  c a p a c i t y  f o r  o v e r l a n d  f l o w  i s  computed u s i n g  t h e  Meyer- 
P e t e r ,  ~ u l l e r  r e l a t i o n s h i p .  
For  c h a n n e l  t r a n s p o r t  c a p a c i t y ,  t h e  r e s i s t a n c e  f a c t o r  f o r  e a c h  sed imen t  
s i z e  is b a s e d  on  t h e  r a t i o  o f  s e d i m e n t  d i a m e t e r  t o  h y d r a u l i c  r a d i u s .  O the r  
r e l a t i o n s h i p s  f o r  computing t r a n s p o r t  c a p a c i t y  a r e  t h e  same a s  f o r  o v e r l a n d  
f l o w .  
The s e d i m e n t  s u p p l y  is p r o v i d e d  by r a i n d r o p  s p l a s h  de tachment  and 
o v e r l a n d  and  c h a n n e l  f l o w  de tachment .  Sediment  y i e l d  i s  d e t e r m i n e d  by t h e  
s m a l l e r  o f  a v a i l a b i l i t y  o r  t r a n s p o r t  c a p a c i t y  and is computed f o r  e a c h  
-... -
s e d i m e n t  s i z e  f r a c t i o n .  
Sed imen t  r o u t i n g  i s  done a n a l y t i c a l l y  f o r  s u b w a t e r s h e d  and p l a n e  u n i t s ,  
g i v i n g  t o t a l  s e d i m e n t  y i e l d .  T h i s  is t h e n - d i s t r i b u t e d  i n  t i m e  i n  p r o p o r t i o n  
t o  d i s c h a r g e  f o r  i n p u t  t o  c h a n n e l  u n i t s .  
Channel  r o u t i n g  i s  done n u m e r i c a l l y  f o r  e a c h  s e d i m e n t  s i z e  f r a c t i o n  b a s e d  
o n  t h e  c o n t i n u i t y  e q u a t i o n  f o r  w a t e r  and  sed imen t .  
2 ,  CALIBRATION PROCEDURE 
2.1 Goal of Ca l ib ra t ion  
The overland erosion process is  so  complex t h a t  an adequate r e l a t i o n  t o  
desc r ibe  i t  has  not  been derived.  Therefore,  modelers have r e so r t ed  t o  us ing  
empir ica l  r e l a t i o n s  t o  descr ibe  t h e  overland sediment detachment process.  I n  
order  t o  e s t ima te  the  ac tua l  detached sediment supply ava i l ab l e  f o r  t r a n s po r t ,  
t hese  empir ica l  r e l a t i o n s  need co r r e c t i on  f a c t o r s  known a s  detachment coe f f i -  
c i e n t s .  The sediment y ie ld  is gene ra l ly  taken a s  t h e  l e s s e r  of t h e  sediment 
*?,a - -
supply and t h e  overland flow sediment t r anspor t  capac i ty ,  which is est imated 
us ing  modified ve r s ions  of equat ions  derived t o  desc r ibe  sediment t r anspor t  i n  
open channels .  Current ly,  t he  primary sources of information regarding t h e  
detachment c o e f f i c i e n t s  a r e  r a i n f a l l  s imulator  t e s t s  on small  f i e l d  p l o t s .  
While these  t e s t s  a r e  qu i t e  u s e fu l  f o r  determining t h e  p r a c t i c a l  range of 
detachment c o e f f i c i e n t  va lues ,  c e r t a i n  quest ions e x i s t  regarding the  
. , 
appropr ia teness  of using detachment - co e f f i c i e n t s  from small p l o t s  i n  modeling 
l a r g e r  watersheds. Therefore,  t he  purpose of t h i s  r epo r t  is t o  develop a  
procedure f o r  c a l i b r a t i o n  of both a a t e r  and sediment y i e l d s ,  and t o  use t h i s  
procedure t o  c a l i b r a t e  detachment c o e f f i c i e n t  va lues  f o r  storm events  on 
s eve r a l  smal l  watersheds i n  t h e  mideastern-U.S, 
A 2.2 Basic Ca l ib ra t ion  Procedure 
!$& The model of i n t e r e s t  i n  t h i s  s tudy is MULTSED developed a t  Colorado 
a 
S t a t e  Univers i ty  by Simons e t  a l e  ( 27 , 28 ) .  The d e t a i l s  of t h i s  model and i ts  
s u i t a b i l i t y  f o r  s imulat ion of water and sediment y i e l d  from Army t r a i n i ng  
s i t e s  have been discussed by Wenzel and Melching ( 3 1 ) ,  and s o  only those 
d e t a i l s  r e l evan t  t o  the  c a l i b r a t i o n  procedure a r e  discussed he re .  
University of  ~ l l i n o f e ; .  
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Both t h e  over land  f low and c h a n n e l  f l o w  sediment  t r a n s p o r t  c a p a c i t i e s  a r e  
a f u n c t i o n  of t h e  f low r a t e .  T h e r e f o r e ,  i d e a l l y ,  it would be d e s i r a b l e  t o  
perform t h e  c a l i b r a t i o n  i n  a s t e p w i s e  f a s h i o n ,  wherein  t h e  u o p t i m a l l l  
h y d r o l o g i c  f i t  is  o b t a i n e d  and t h e n  t h e  detachment c o e f f i c i e n t s  a r e  opt imized 
based on t h e  t r a n s p o r t  c a p a c i t i e s  cor responding  t o  t h e  '!,best f i t "  hydrograph,  
U n f o r t u n a t e l y ,  it was found t h a t  t h e  o p t i m a l  r e s i s t a n c e  c o e f f i c i e n t  values f o r  
t h e  h y d r o l o g i c  " b e s t  f i t "  were g e n e r a l l y  t o o  l a r g e  t o  a l l o w  s u f f i c i e n t  f l o w .  
v e l o c i t y .  Hence, t h e  c a l c u l a t e d  sediment  t r a n s p o r t  c a p a c i t i e s  were n o t  l a r g e  
enough t o  reproduce  t h e  measured sed iment  y i e l d ,  T h i s  h igh  r e s i s t a n c e  is 
n e c e s s a r y  t o  reproduce  t h e  measured t ime  l a g  between t h e  r a i n f a l l  hye tograph  
and t h e  runof f  hydrograph. Thus,  when performing t h e  h y d r o l o g i c  c a l i b r a t i o n  
i t  became n e c e s s a r y  t o  a r t i f i c i a l l y  reduce  t h e  measured t ime l a g  between t h e  
r a i n f a l l  hyetograph and t h e  r u n o f f  hydrograph i n  o r d e r  . t o  o b t a i n  r e a s o n a b l e  
( l e e . ,  "closes9t o  measured) r u n o f f  and sediment  y i e l d .  
MULTSED s i m u l a t e s  t h e  hydrograph r e s u l t i n g  from a s torm e v e n t  a s  a  
f u n c t i o n  of  s i x  hydro log ic  p a r a m e t e r s :  r e s a t u y a t e d  h y d r a u l i c  c o n d u c t i v i t y ,  
KH; average  c a p i l l a r y  s u c t i o h ,  $; p o t e n t i a l  ground cover  and canopy cover 
i n t e r c e p t i o n  volumes, VC and VC, r e s p e c t i v e l y ;  Manning's  n f o r  channe l  f l o w ;  
'. 
and t h e  maximum o v e r l a n d  f low r e s i s t a n c e  c o e f f i c i e n t ,  ADW. The " b e s t v r  
h y d r o l o g i c  f i t  is  determined p r i m a r i l y  on t h e  b a s i s  o f  fo rmal  o p t i m i z a t i o n  of 
-.-. 
t h e s e  pa ramete rs  such  t h a t  t h e  sum of  t h e  s q u a r e s  d i f f e r e n c e  between t h e  
measured and s i m u l a t e d  hydrographs  i s  minimized, L e e ,  
2
MIN 	X (Qmt  - Qst)  
t 
where Qmt= t h e  measured d i s c h a r g e  a t  t ime t ,  
Q,t 	= t h e  s imula ted  d i s c h a r g e  a t  t ime t .  
~t was found that generally the simulated hydrograph which minimized the sum 





8 simulated and measured peak discharges and total runoff volumes (generally& 
R% within 20% for all three fit quality indicators). Upon choosing an initial 
tf 
&$ time shift (i.e., artificial reduction in the measured time lag), Eq, 1 is 
@
k 
optimized and the calibrated hydrologic parameters are used to simulate the 
6 sediment yield, If the overland and channel sediment transport capacities are 
P sufficient to generate the measured sediment yield, then the detachment g
5@ 
coefficients will be calibrated by iterating until the measured total sediment @ 
5 
i - *--?L yield is matched. Otherwise, the hydrologic parameters are adjusted or 

i 
possibly recalibrated until the overland and channel sediment transport 

capacities are sufficient (more detail on this procedure will be given later), 

and then the detachment coefficients are calibrated. 

2.3 Hydrologic Calibration Model 

The complete MULTSED model consists of three components. The first 

component analytically determines the runoff hydrographs from simple subwater- 

sheds along the hydrologic boundary of the watershed and also from the 

overland flow planes along the downst~6am reaches of the stream network by 

using the method of characteristics solution to the kinematic wave flow 

&! 
r?F routing problem. The sediment transport capacity for both the overland flow 
$$&& 
I and the channel flow is estimated using Einstein's total load relation (8) 
G:8 

with the Meyer-Peter, ~uller bed load equation (20) substituted for Einstein's 

bed load relation. The second component merely reorganizes the output from 

the first component for more efficient use in the third component. The third 

component routes the water and sediment generated from the subwatersheds and 

planes in the first component through the channel network using a nonlinear 

iterative solution to the kinematic wave flow routing problem, Once again, 

t h e  combined E i n s t e i n ,  Meyer-Peter ,  ~ u l l e r e l a t i o n  i s  used  t o  d e t e rm i n e  t h e  
c h a n n e l  t r a n s p o r t  c a p a c i t y .  S i n c e  t h e  t h i r d  component u s e s  a n ume r i c a l  
s o l u t i o n  t o  t h e  f l ow  and  s ed imen t  r o u t i n g ,  i t  c a n  a c c oun t  f o r  some n a t u r a l  
s ed imen t  t r a n s p o r t  p r o c e s s e s  which t h e  a n a l y t i c a l  s o l u t i o n  i n  t h e  f i rs t  
component c a n n o t  a c c oun t  f o r ,  i . e . ,  t h e  n a t u r a l  s u spended  s ed imen t  s e t t i n g  
p r o c e s s  and  c h a nn e l  bed a rmor ing .  
I n  t h e  a n a l y t i c a l  method (component  I ) ,  t h e  t o t a l  s ed imen t  y i e l d  is 
c o n s t r a i n e d  t o  a maximum e q u a l  t o  t h e  c h a nn e l  s e d imen t  t r a n s p o r t  c a p a c i t y .  
Thus ,  when u s i n g  t h e  a n a l y t i c a l  method t o  e s t i m a t e  s e d imen t  y i e l d  f rom a  
s i n g l e  s u bwa t e r s h e d ,  i f  t h e  s ed imen t  s u p p l y  from t h e  p l a n e s  is i n  e x c e s s  of 
t h e  c h a n n e l  t r a n s p o r t  c a p a c i t y  i t  is assumed t h a t  t h i s  e x c e s s  is immedia t e ly  
d e p o s i t e d .  I n  t h e  n ume r i c a l  method,  a more r e a l i s t i c  v iew of  t h e  d e p o s i t i o n  
p r o c e s s  is u s ed .  If t h e  s ed imen t  b e i n g  t r a n s p o r t e d  ( L e e ,  i n  s u s p e n s i o n )  
e x c e e d s  t h e  t r a n s p o r t  c a p a c i t y ,  t h e  s ed imen t  r o u t i n g  scheme w i l l  p r e d i c t  
a g g r a d a t i o n  ( a n  i n c r e a s e  i n  t h e  loose s o i l  l a y e r ;  d e p o s i t i o n ) .  The amount o f  
p o t e n t i a l  a g g r a d a t i o n  ( t h e  suspended  sed imen t  i n  e x c e s s  o f  t h e  t r a n s p o r t  
-
c a p a c i t y )  is  compared w i t h  t h e  f e a s i b l e  a g g r a d a t i o n  g i v e n  t h e  f l ow  c o n d i t i o n s  
and t h e  s e t t l i n g  v e l o c i t y  o f  t h e  s e d imen t  p a r t i c l e s  t o  d e t e rm i n e  t h e  s ed imen t  
d e p o s i t e d  a t  e a c h  t ime  s t e p .  T h i s  t y p e  o f  c o n s i d e r a t i o n  is q u i t e  r e a l i s t i c  i n  
t h e  r o u t i n g  o f  f i n e  m a t e r i a l s  b e c au s e  t h e y  -- w i l l  p r o b a b l y  n o t  s e t t l e  o u t  i n  
r e l a t i v e l y  s h o r t  r e a c h e s  o f  a c h a nn e l  even  i f  t h e  t r a n s p o r t  c a p a c i t y  i s  much 
smaller t h a n  t h e  sed imen t  s u p p l y .  
Armor ing  o f  t h e  bed is t h e  n a t u r a l  e q u i l i b r i um  o f  t h e  bed r e a c h e d  a f t e r  
t h e  f i n e  m a t e r i a l  is t r a n s p o r t e d  away by t h e  f l ow  r e s u l t i n g  i n  t h e  expo su r e  
of  a t h i n  l a y e r  of c o a r s e r  p a r t i c l e s  a t  t h e  bed s u r f a c e  (28,  p .  5961, T h i s  
l a y e r  o f  c o a r s e r  p a r t i c l e s  is much more d i f f i c u l t  f o r  t h e  f l ow  t o  move and  
t h u s  i t  p r o t e c t s  t h e  f i n e r  s ed imen t  be low ' f rom e r o s i o n ,  h ence  t h e  name 
armoring.  The numer ica l  r o u t i n g  method accoun t s  f o r  t h i s  p r o c e s s  a s  i t  
c on s i d e r s  t h e  dep th  of l o o s e  s o i l  and t h e  sediment  s i z e  d i s t r i b u t i o n  w i t h i n  
t h e  l o o s e  s o i l  l a y e r .  The a n a l y t i c a l  method, however,  e s t im a t e s  sediment 
y i e l d  s o l e l y  a s  a  f u n c t i o n  of  t r a n s p o r t  c a p a c i t y ,  and  on ly  by an  u n r e a l i s t i c  
dec r ea se  i n  channe l  detachment c o e f f i c i e n t  can  t h e  a n a l y t i c a l  method be 
brought  i n t o  agreement w i t h  t h e  numer ica l  method. 
The numerical  method of  t h e  t h i r d  component o f  MULTSED is more r e a l i s t i c  
than t h e  a n a l y t i c a l  method of t h e  f i r s t  component. Thus,  a q u e s t i o n  a r i s e s  a s  
t o  whether t h e  c a l i b r a t i o n  performed h e r e  shou ld  model t h e  wa t e r shed ( s )  a s  two 
p l ane s  whose ou t pu t  is gene r a t ed  by component 1 f l ow ing  i n t o  a  channe l  u s i n g  
. --
component 3 t o  r o u t e  t h e  f low,  o r  s imply  a s  a  s i n g l e  subwatershed us ing  on l y  
component 1 .  For t h e  sma l l  wa t e r sheds  cons ide r ed  h e r e  ( a l l  l e s s  than  16 
a c r e s )  w i t h  h e a v i l y  v eg e t a t e d ,  s imp le  swale  channe l s ,  t h e  armoring and n a t u r a l  
suspended sediment s e t t i n g  p r o c e s s e s  a r e  no t  s i g n i f i c a n t  s i n c e  e r o s i on  from 
h e av i l y  v eg e t a t e d  channe l s  is n e g l i g i b l e  and t h e  f l ow  v e l o c i t y  f o r  wide, 
sha l low,  h e a v i l y  vege t a t ed  swale  channe l s  is low enough t h a t  most of t h e  
excess  supp ly  w i l l  s e t t l e  o u t - ( t h i s  h a s  been conf i rmed by some t e s t  runs  f o r  
t h e se  watershed u s ing  bo th  modeling approaches ) .  Assuming t h a t  t h e  approxirna- 
.-. 
t i o n s  i n  t h e  a n a l y t i c a l  method a r e  f a i r l y  r e a s onab l e  f o r  t h e  wa te r sheds  
cons ide r ed  h e r e ,  component 1 was used f o r  t h e  c a l i b r a t i o n .  A d i s c u s s i on  of 
c a l i b r a t i o n  f o r  l a r g e r  wa te r sheds  is ,given--in t h e  n e x t  c h ap t e r .  
The g en e r a l i z e d  reduced g r a d i e n t  (GRG )  a l g o r i t hm  ( 1 )  was chosen t o  
perform t h e  fo rmal  min imiza t ion  o f  t h e  sum of  s qu a r e s  d i f f e r e n c e  between t h e  
measurzd and s imu la t ed  hydrographs  because  i t  has twe impor tan t  advantages  
over o t h e r  o p t im i z a t i o n  t e chn iques .  F i r s t ,  it is a ve ry  e f f i c i e n t  and 
Powerful n on l i n e a r  o p t im i z a t i o n  a l g o r i t hm  which converges  t o  t h e  "opt imaln 
s o l u t i o n  q u i t e  r a p i d l y .  Second, i t  i s  t h e  on ly  n o n l i n e a r  o p t im i z a t i o n  
a l go r i t hm  which a l l ows  bounds t o  be p laced  on t h e  pa r ame te r s .  I n  p r ev ious  
a t t emp t s  t o  deve lop  o b j e c t i v e  approaches  t o  e v a l u a t e  and /or  c a l i b r a t e  hydro- 
l o g i c  models i t  was nece s sa ry  t o  i n t r o duc e  a  c e r t a i n  amount of s u b j e c t i v i t y  a s  
h y d r o l o g i s t s  i n t e r a c t e d  w i t h  t h e  o p t im i z a t i o n  code i n  o r d e r  t o  keep paramete rs  
w i t h in  t h e i r  p h y s i c a l l y  meaningful  r a ng e s  ( e a g e r  s e e  Dawdy and O'Donnel l ,  7 ) .  
However, when u s ing  GRG,  p h y s i c a l l y  meaningful  bounds may be p l a ced  on t h e  
pa ramete rs  and cons ide r ed  d i r e c t l y  i n  t h e  o p t im i z a t i o n .  Hence, t h e  hyd ro log i c  
"be s t "  f i t  s imu l a t i o n  based on p h y s i c a l l y  r e a sonab l e  pa ramete rs  is  ob ta ined  
t o t a l l y  o b j e c t i v e l y  from GRG.  However, it shou ld  be  remembered t h a t  i n  t h e  
p rocedure  r e p o r t e d  h e r e  t h e  f i n a l  c a l i b r a t i o n  is  g e n e r a l l y  no t  determined 
t o t a l l y  o b j e c t i v e l y  because  of t h e  ad ju s tmen t s  r e q u i r e d  t o  o b t a i n  t h e  
a p p r o p r i a t e  sed iment  t r a n s p o r t  c a p a c i t i e s .  
I t  shou ld  be no ted  t h a t  GRG is a  non l i nea r  o p t im i z a t i o n  code and a s  such  
i t  r e q u i r e s  a  s t a r t i n g  p o i n t  t o  be assumed, and t h e o r e t i c a l l y  t h e  q u a l i t y  of 
t h e  r e s u l t i n g - s o l u t i o n  ( L e e ,  whether a l o c a l  optimum o r  t h e  g l o b a l  optimum is  
ob t a i n ed )  is  a f u n c t i o n  of t h e - s t a r t i n g  po i n t .  I t  h a s  been found t h a t  t h e  sum 
of s qu a r e s  s u r f a c e  f o r  t h e  d i f f e r e n c e  f u n c t i o n  between t h e  measured and 
. .* 
s imu la t ed  hydrographs  appea r s  t o  be unimodal (  e t h e r e  a r e  no  l o c a l  
optimums). The r e fo r e ,  GRG t e n d s  t o  converge t o  t h e  same g en e r a l  s o l u t i o n  
-. 
r e g a r d l e s s  o f  t h e  s t a r t i n g  po i n t .  However, t h e  speed  o f  t h e  convergence is  a 
f u n c t i o n  o f  t h e  s t a r t i n g  p o i n t  and s o  i t  must be chosen i n t e l l i g e n t l y  i n  o r d e r  
t o  r educe  computer c o s t s .  
For t h i s  r e p o r t  t h e  GRG code developed by Lasdon e t  a l .  ( 1 6 ) ,  a s  modif ied 
f o r  u s e  i n  t h e  OPT System a t  t h e  Un i v e r s i t y  of I l l i n o i s ,  was used.  I n  o rde r  
t o  e f f i c i e n t l y  u se  component 1 of  MULTSED (MSEDI) i n  c on j un c t i o n  w i th  GRG t o  
op t im ize  t h e  hydrograph f i t  t h e  e n t i r e  sediment  y i e l d  p o r t i o n  o f  MSEDI was 
d e l e t e d .  The remaining hyd ro log i c  p o r t i o n  of MSEDI was then  s e t  up a s  a  
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s e r i e s  of  s ub r ou t i n e s  w i t h i n  t h e  c o l l e c t i o n  of  s u b r o u t i n e s  c a l l e d  by GRG. A 
complete  l i s t i n g  of  t h e  s u b r o u t i n e s  c a l l e d  by GRG i n c l ud i ng  t h e  hyd ro log i c  
p o r t i o n  o f  MSEDl and d e t a i l s  on how t o  u t i l i z e  them wi th  GRG f o r  c a l i b r a -  
t i o n  a r e  p r e sen t ed  i n  Appendix A .  The hyd ro log i c  p o r t i o n  of MSED?. is c a l l e d  
by t h e  o b j e c t i v e  f u n c t i o n  s u b r o u t i n e ,  which c a l c u l a t e s  t h e  sum o f  squa r e s  
d i f f e r e n c e  between t h e  measured ( i n p u t )  and s imu l a t e d  (by t h e  hyd ro log i c  
p o r t i o n  of  MSED1) hydrographs .  GRG c a l c u l a t e s  t h e  reduced g r a d i e n t  of  t h e  
o b j e c t i v e  f u n c t i o n  i n  t h e  v i c i n i t y  of  t h e  c u r r e n t  p o i n t  and from t h e  reduced 
f un c t i o n .  GRG t hen  performs a one"dimensiona1 s e a r c h  i n  t h i s  d i r e c t i o n  and 
then  s t e p s  t o  t h e  b e s t  p o i n t  found i n  t h i s  d i r e c t i o n .  When t h e  o b j e c t i v e  
f u n c t i o n  reduced g r a d i e n t  is w i t h i n  a  p r e s p e c i f i e d  t o l e r a n c e  o f  z e r o  a  l o c a l  
optimum ( i n  t h i s  c a s e  p robab ly  t h e  g l o b a l  optimum) h a s  been found and GRG 
t e rm in a t e s ,  Thus,  f o r  each  GRG i t e r a t i o n  t h e  o b j e c t i v e  f u n c t i o n  va lue  must be 
c a l c u l a t e d  up t o  7 t imes  t o  de te rmine  t h e  reduced g r a d i e n t .  F o r t u n a t e l y ,  GRG 
converges  t o  t h e  op t ima l  s o l u t i o n  r a t h e r  qu i ck ly  and s o  t h e  computa t iona l  t ime  
is n o t  e x c e s s i v e  ( t h i s  s h a l l  b e  d i s c u s s ed  i n  d e t a i l  l a t e r ) ,  
A s  no t ed  e a r l i e r ,  i t  was found t h a t  t h e  o p t ima l  r e s i s t a n c e  c o e f f i c i e n t  
va lue s  f o r  t h e  hyd ro log i c  " b e s t  f i t w  were -genera l ly  t o o  l a r g e  t o  a l low 
s u f f i c i e n t  f low v e l o c i t y  f o r  t h e  c a l c u l a t e d  sed iment  t r a n s p o r t  c a p a c i t i e s  t o  
be l a r g e  enough t o  reproduce  t h e  measured sediment y i e l d .  P r ima r i l y  due t o  
t h e  k inema t i c  wave r o u t i n g  a pp r o a ch s s  i n a b i l i t y  t o  account  f o r  t h e  n a t u r a l  
a t t e n u a t i o n  ( i . e . ,  backwater e f f e c t s )  which o c cu r s  i n  t h e  a c t u a l  runoff 
P rocess ,  such  h igh  r e s i s t a n c e  becomess necessa ry  t o  reproduce  t h e  measured 
response  t ime  between t h e  r a i n f a l l  hyetograph and t h e  i n i t i a l  r i s e  of t h e  
runoff hydrograph.  Thus, i n  t h e  k inemat ic  wave approx imat ion ,  t h e  t iming o f  
t h e  s imu l a t e d  hydrograph is on l y  a f u n c t i o n  of t h e  o v e r l a nd  and channe l  f low 
v e l o c i t i e s .  To a r t i f i c i a l l y  account  f o r  n a t u r a l  a t t e n u a t i o n ,  k i nema t i c  
wave r o u t i n g  schemes must d e c r e a s e  t h e  f l ow  v e l o c i t i e s  by i n c r e a s i n g  t h e  
ove r l and  and channe l  f low r e s i s t a n c e  c o e f f i c i e n t s ,  While t h i s  d e v i a t i o n  from 
r e a1 , i t y  has  p rov ided  very  r e a s onab l e  and a c c ep t a b l e  r e s u l t s  f o r  modeling 
ove r l and  f l ow  ( e , g , ,  Woolhiser ,  3 2 ) ,  i t  c l e a r l y  c a u s e s  problems when modeling 
sed iment  y i e l d  where h i gh e r ,  more r e a l i s t i c  f low v e l o c i t i e s  a r e  needed t o  . 
o b t a i n  r e a s onab l e  sediment  de,tachment and sediment t r a n s p o r t  c a p a c i t i e s ,  
The p r o c e s s  of  s h i f t i n g  t h e  measured hydrograph t o  beg in  e a r l i e r  s e r v e s  
t o  remove t h e  e f f e c t s  of n a t u r a l  a t t e n u a t i o n  i n  t h e  d a t a .  Thus,  when f i t t i n g  
t h e  model t o  t h e  s h i f t e d  d a t a ,  t h e  k inema t i c  wave r o u t i n g  approx imat ion  i s  
be ing  used t o  model d a t a  which somewhat cor responds  t o  t h e  "no backwater 
e f f e c t s f f  assumption.  
From a p r a c t i c a l  hyd ro log i c  v i ewpo in t ,  the  j u s t i f i c a t i o n  f o r  u s i n g  a  t ime  
s h i f t  on  t h e  d a t a  is  twofold .  F i r s t ,  when c a l i b r a t i n g  runof f  e v e n t s  on sma l l  
wa t e r sheds ,  h y d r o l o g i s t s  a r e  g e n e r a l l y  most cofice'rned w i th  r ep roduc ing  t h e  
peak,  volume, and g en e r a l  shape  of  t h e  measured hydrograph,  wh i l e  reproduc ing  
t h e  measured t ime l a g  between t h e  hyet-ograph and hydrograph i s  o f  secondary 
impor tance ,  Th i s  is  p a r t i a l l y  due t o  t h e  q u a l i t y  of  t h e  r a i n f a l l  d a t a .  
General ly ,  r a i n f a l l  d a t a  a r e  o b t a i n ed  by con t i nuous ly  r e c o r d i ng  r a i n  gages ,  
- .  
The hye tograph  is  then  de f i ned  by i d e n t i f y i n g  break p o i n t s  on t h e  mass 
r a i n f a l l  c u r v e ,  Th i s  p roce s s  i n t r o d u c e s  e r r o r  i n  de t e rmin ing  t h e  break p o i n t s  
and t h e  p roper  i n t e n s i t y  o c c u r r i n g  a t  any g iven  t ime  i n  t h e  s to rm.  Fur the r -
more, t h e r e  is a l s o  t h e  s t a nd a r d  q u e s t i o n  of  whether t h e  r a i n f a l l  a t  t h e  r a i n  
gage  is r e p r e s e n t a t i v e  of t h e  t r u e  a r e a l  and t empora l  r a i n f a l l  d i s t r i b u t i o n  
over  t h e  e n t i r e  watershed.  Second, from a  watershed management s t a n d p o i n t ,  
g e n e r a l l y  t h e  most impor tan t  a s p e c t s  of a  model a r e  i ts a b i l i t y  t o  reproduce 
~ e d i r n e n t  y i e l d ,  r a t h e r  t h an  t h e  t im i ng  w i th  r e s p e c t  t o  r a i n f a l l .  
I n  o r d e r  t o  perform t h e  t ime  s h i f t ,  two mod i f i c a t i o n s  were proposed and 
inc luded  i n  t h e  c a l i b r a t i o n  s u b r o u t i n e s .  One mod i f i c a t i o n  a l l ows  t h e  measured 
hydrograph t o  be s h i f t e d  a p r e s p e c i f i e d  number of  m inu t e s ,  and  t h en  t h e  
n s h i f t e d "  hydrograph i s  f i t t e d  ( t h i s  mod i f i c a t i on  is shown i n  Appendix A ) .  
The o t h e r  mod i f i c a t i o n  matches t h e  peak f low t imes  of  t h e  measured and 
s imu la t ed  hydrographs  and t h en  t h e  sum o f  squa r e s  d i f f e r e n c e  between t h e  
' l sh i f t ed ' '  s imu l a t ed  hydrograph and t h e  measured hydrograph is minimized. By 
ng e i  t h e r  of t h e s e  op t  i o n s ,  t h e  op t  i rn izat  ion  c e n t e r s  around t h e  hyd ro log i c  
a b s t r a c t i o n s  and t h e i r  co r r e spond ing  paramete rs ,  wh i l e  t h e  r e s i s t a n c e  c o e f f i -  
c i e n t s  remain  f a i r l y  c l o s e  t o  t h e i r  i n i t i a l  v a l u e s  w i t h  on ly  sma l l  changes t o  
improve t h e  shape of t h e  s imu l a t e d  hydrograph.  Thus, hyd ro log i c  c a l i b r a t i o n  
can be performed w i th  t h e  r e s i s t a n c e  c o e f f i c i e n t s  kep t  i n  t h e  r ange  of v a l u e s  
which a l l ow  d u p l i c a t i o n  of t h e  measured sediment y i e l d s ,  
"7,l n e  c a l i b r a t i o n  procedure d e s c r i b ed  below was developed based on t h e  
expe r i ence  ga ined  whi le  c a l i b r a t i n g  t h e  runof f  and sediment  y i e l d  pa ramete rs  
f o r  MSEDl f o r  17 s torm e v e n t s  on f i v e  sma l l  m idea s t e rn  wa te r sheds ,  The 
g en e r a l  p r i n c i p l e s  and b a s i c  concep t s  de sc r i bed  below were used i n  c a l i b r a t i n g  
a l l  17 s t o rm  ev en t s ,  whi le  t h e  s p e c i f i c  procedure o u t l i n e d  was used on on ly  
the  l a s t  7 s torm e v e n t s  c a l i b r a t e d  ( i , e , ,  t h e  s t o rms  on t h e  modif ied Lawson 
Creek T r i b u t a r y  number 1 wa t e r s h ed s ) .  The proposed procedure  proved t o  be 
q u i t e  e f f i c i e n t  when c a l i b r a t i n g  t h e s e  7  s torm e v e n t s .  
2,5.1 S t e p  1 :  E s t ima t i ng  t h e  I n i t i a l  Time S h i f t  
A s  d i s c u s s ed  e a r l i e r ,  two mod i f i c a t i o n s  of t h e  c a l i b r a t i o n  sub rou t i ne s  
were developed t o  perform t ime s h i f t s  on t h e  d a t a :  one which s h i f t e d  t h e  
d a t a  a  p r e s p e c i f i e d  number of  minu tes  and one which matched peak d i s c h a r g e  
t i m e s  and t h e n  c a l c u l a t e d  t h e  sum of  s q u a r e s  d i f f e r e n c e .  I t  was found t h a t  
t h e  m o d i f i c a t i o n  which s h i f t s  t h e  d a t a  a  p r e s p e c i f i e d  number o f  minu tes  
seemed t o  be  t h e  more p r a c t i c a l  and r e a s o n a b l e  method t o  use .  However, t h i s  
method requires an a p p r o p r i a t e  e s t i m a t e  o f  t h e  i n i t i a l  t ime  s h i f t .  Such a n  
e s t i m a t e  may be o b t a i n e d  by one o f  t h e  f o l l o w i n g  t h r e e  methods. 
1 .  	 I f  p r e v i o u s  c a l i b r a t i o n  e x p e r i e n c e  is a v a i l a b l e ,  choose a  s e t  o f  op t imal  
pa ramete r  v a l u e s  from a  p r e v i o u s  c a l i b r a t i o n ,  which was under s i m i l a r  
c o n d i t i o n s  t o  t h e  s torm e v e n t  be ing  c a l i b r a t e d .  Perform a s i m u l a t i o n  
u s i n g  MSEDI* w i t h  t h e  chosen paramete r  v a l u e s  and t h e  i n p u t  d a t a  f o r  t h e  
s to rm e v e n t . t o  be c a l i b r a t e d ;  Compare t h e  peak d i s c h a r g e ,  t o t a l  runof f  
volume, and over land  and c h a n n e l  sed iment  t r a n s p o r t  c a p a c i t i e s x *  of t h e  
s i m u l a t i o n  wi th  t h e  measured v a l u e s .  I f  t h e  t r a n s p o r t  c a p a c i t i e s  exceed 
t h e  measured sediment  y i e l d  and t h e  peak d i s c h a r g e  and t o t a l  r u n o f f  volume 
a r e  r e a s o n a b l y  c l o s e  t o  t h e  measured v a l u e s  ( g e n e r a l l y  t h i s  s h o u l d  no t  be  
a  c o n c e r n  u n l e s s  t h e  d i f f e r e n c e  is  v e r y  l a r g e ) ,  t h e  t ime  d i f f e r e n c e  
-
between t h e  measured and s i m u l a t e d  peak d i s c h a r g e s  shou ld  be used  a s  t h e  
t ime  s h i f t .  Otherwise ,  t h e  o v e r l a n d  and channe l  f l o w  r e s i s t a n c e  para: 
m e t e r s  (ADW and n ,  r e s p e c t i v e l y )  shou ld  be reduced u n t i l  t h e  sediment  
t r a n s p o r t  c a p a c i t i e s  exceed t h e  measured sediment y i e l d .  Then t h e  
measured and s i m u l a t e d  hydrographs  shou ld  be compared t o  d e t e r m i n e  t h e  
a p p r o p r i a t e  t ime s h i f t .  
"Note: A c t u a l l y  MSEDl shou ld  be modi f i ed  s o  t h a t  t h e  over land  f l o w  t r a n s p o r t  
c a p a c i t y  is o u t p u t  because  t h e  over land  a r e a s  a r e  t h e  pr imary e r o s i o n  s o u r c e s  

f o r  s m a l l  wa te r sheds  (See  S t e p  3 ) .  

#"ate: By s e t t i n g  t h e  detachment c o e f f i c i e n t  v a l u e s  t o  t h e i r  upper  bounds 

t h e  t o t a l  sediment  y i e l d  w i l l  e q u a l  t h e  channel  sed iment  t r a n s p o r t  c a p a c i t y .  

If no p r e v i o u s  c a l i b r a t i o n  e x p e r i e n c e  is  a v a i l a b l e  f o r  t h i s  w a t e r s h e d ,  
choose  c a l i b r a t e d  p a r a m e t e r  v a l u e s  f o r  a similar s t o r m  on  a s i m i l a r  
w a t e r s h e d .  Perform a s i m u l a t i o n  us i r ig  MSEDI w i t h  t h e  chosen pa ramete r  
v a l u e s  and t h e  i n p u t  d a t a  f o r  t h e  s t o r m  e v e n t  t o  b e  c a l i b r a t e d ,  and u s e  
p
ff t h e  g u i d e l i n e s  f o r  compar ison d i s c u s s e d  i n  method 1 t o  d e t e r m i n e  t h e  t i m e  
4& 
s h i f t .  
1 3. If no p r e v i o u s  c a l i b r a t i o n  e x p e r i e n c e  on t h i s  w a t e r s h e d  o r  a n y  s i m i l a r  

g 
w a t e r s h e d  is a v a i l a b l e ,  choose  t h e  r e s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y ,  
8 
K H ~from t h e  lower  p o r t i o n ;  t h e  o v e r l a n d  f l o w  r e s i s t a n c e  c o e f f i c i e n t ,  A D W ,  
g 
Manning 's  n ,  and t h e  p o t e n t i a l  ground and canopy c o v e r  i n t e r c e p t i o n  
$ 
l& volumes ,  VG and V C ,  r e s p e c t i v e l y ,  f rom t h e  upper  p o r t i o n ;  and  t h e  a v e r a g e  
2 
@4fg c a p i l l a r y  s u c t i o n ,  -$, f rom t h e  m i d d l e  of  t h e i r  r e s p e c t i v e  p h y s i c a l l y  g

4f$ r e a s o n a b l e  r a n g e s .  Pe r fo rm a  s i m u l a t i o n  u s i n g  MSED1 w i t h  t h e  chosen $3
6 

#,@ p a r a m e t e r  v a l u e s  and t h e  i n p u t  d a t a  f o r  t h e  s t o r m  e v e n t  t o  b e  c a l i b r a t e d ,  
2'5
8 and  u s e  t h e  g u i d e l i n e s  f o r  compar i son  d i s c ~ s 3 e d  i n  method f t o  determine 

t h e  t i m e  s h i f t .  -

Methods 1 and 2 s h o u l d  p r o v i d e  a good e s t i m a t e  o f  t h e  p r o p e r  t ime  s h i f t  

because  t h e  c a l i b r a t i o n  e ~ p e r i e n c e ~ g a i n e d  
i n  t h i s  s t u d y  showed t h a t  t h e  
& 
lf c a l i b r a t e d  pa ramete r  v a l u e s  f o r  t h e  v a r i o u s  s to rm e v e n t s  t ended  t o  remain g
rs" 
f a i r l y  c o n s t a n t  f o r  a s p e c i f i c  w a t e r s h e d  and c o n s i s t e n t  when compar ing  similar 
w a t e r s h e d s .  Method 3 s h o u l d  p r o v i d e  a good e s t i m a t e  o f  t h e  p r o p e r  t ime s h i f t  
1 
because  t h e  c a l i b r a t i o n  r e s u l t s  i n d i c a t e d  t h a t  t h e  p o r t i o n  of  t h e  p h y s i c a l l y  
: j  r e a s o n a b l e  pa ramete r  r a n g e  i d e n t i f i e d  i n  Method 3 t e n d e d  t o  c o n t a i n  t h e  
" o p t i m a l "  pa ramete r  v a l u e  f o r  e a c h  o f  t h e  unknown p a r a m e t e r s .  
9 A s  a f i n a l  n o t e ,  f o r  t h o s e  c a s e s  where t h e r e  i s  n o  d i s t i n c t  measured peak@
i 
d i s c h a r g e  b u t  r a t h e r  a b road  f l a t  hydrograph  peak,  t h e  p r o p e r  t i m e  s h i f t  
# s h o u l d  b e  de te rmined  by p l o t t i n g  b o t h  t h e  measured and  t h e  s i m u l a t e d  
!& gB 
hydrographs  and comparing t h e  peak r e g i o n s  r a t h e r  t h an  j u s t  t h e  s i n g l e  peak 
d i s c h a r g e ,  
2 .5 .2  S t e p  2 :  Formal C a l i b r a t i o n  and Adjustments 
Having de te rmined  t h e  p roper  t ime  s h i f t ,  t h e  fo rmal  c a l i b r a t i o n  of t h e  
hydrograph is done u s ing  GRG a s  d e s c r i b ed  i n  Appendix A .  The parameter  v a l u e s  
used i n  S t e p  1 t o  de te rmine  t h e  p rope r  t ime  s h i f t  w i l l  make good i n i t i a l  
values f o r  the  c a l i b r a t i on  u s ing  GRG. Perform a  s imu l a t i o n  u s ing  MSEDI and 
t h e  c a l i b r a t e d  paramete rs .  
I f  t h e  sed iment  t r a n s p o r t  c a p a c i t i e s  exceed t h e  measured sediment  y i e l d ,  
t h e  h yd r o l og i c  "be s t  f i t v  which a l l ows  t h e  a pp r op r i a t e  sediment  y i e l d  ha s  been 
found and S t e p  3 shou ld  be performed. 
I f  t h e  sed iment  t r a n s p o r t  c a p a c i t i e s  a r e  l e s s  t han  t h e  measured y i e l d ,  
r educe  t h e  v a l u e s  of n  and /or  ADW u n t i l  t h e  sediment t r a n s p o r t  c a p a c i t i e s  
exceed t h e  measured sediment  y i e l d .  I t  h a s  been found t h a t  n o t  on ly  is  t h e  
sum o f  s q u a r e s  s u r f a c e  of  t h e  d i f f e r e n c e  between t h e  measured and s imula ted  
hydrographs  unimodal bu t  i t  is -a l s o  f a i r l y  f l a t  i n  t h e  op t ima l  r e g i o n  i n  t h e  n 
and ADW d i r e c t i o n s .  That is, t h e  q u a l i t y  o f  t h e  h yd r o l og i c  f i t  is f a i r l y  
i n s e n s i t i v e  t o  changes i n  n  and ADW from t h e i r  c a l i b r a t e d  v a l u e s .  Thus, a f t e r  
r educ ing  n  and /o r  ADW, check t h e  q u a l i t y  o f  t h e  hyd ro log i c  f i t  i n  t e rms  of 
peak d i s c h a r g e ,  t o t a l  r uno f f  volume, and sum of s qu a r e  d i f f e r e n c e ,  I t  is  
q u i t e  l i k e l y  t h a t  t h e  q u a l i t y  of  t h e  hyd ro log i c  f i t  w i l l  s t ' i l l  be q u i t e  good, 
and i f  s o  go t o  S t e p  3 w i thou t  f u r t h e r  c a l i b r a t i o n .  I f ,  on t h e  o t h e r  hand, i t  
is f e l t  t h a t  t h e  q u a l i t y  o f  t h e  hyd ro log i c  f i t  i s  no l o nge r  a c c e p t a b l e ,  change 
t h e  t ime  s h i f t  t o  i t s  new v a l u e  ( i f  n e c e s s a r y )  and s e t  t h e  upper  bounds on n  
and ADW t o  t h o s e  va lue s  nece s sa ry  t o  o b t a i n  t h e  measured sediment  y i e l d .  
This calibration procedure should be repeated until a reasonable hydro- 





2.5 .3  Step 3: Calibration of Detachment Coefficients 
Having obtained a "good9I hydrologic fit, which has sufficiently large 

overland and channel sediment transport capacities to reproduce the measured 

sediment yield, the detachment coefficients may be determined by iteration 

such that the simulated total sediment yield from MSEDl closely matches the 

measured yield. Intuitively, it might be expected that a wide variety of 

combinations of the three detachment coefficients would produce the measured 

sediment yield, and hence the usefulness of calibration would seem to be 

reduced because a range of values is the best that can be identified. 

However, due to the structure of the model and physical considerations, the 

overland flow and channel flow detachment coefficients may be viewed as 

insignificant compared to the raindrop splash detachment coefficient. 

In the calibration of the detachment coefficient values, it was found that 
generally sediment yield was not sensitive to the overland flow detachment 
coefficient (i.e., in 1 1  of the 17 cases studies). This does not mean that 
. .-
overland flow detachment is unimportant in the true physical sense, but rather 
this is due to the structure of the model. The total sediment supply, Ss,  is 
estimated In MULTSED as 
ss = VR + VF 
where VR = nonporous volume of material detached by raindrop splash, 
VF = nonporous volume of material detached by  overland flow. 
In MULTSED VR is estimated as 
where a1 = an empi r i ca l ly  determined cons tant  desc r ib ing  the  e r o d i b i l i t y  of 
t h e  s o i l ,  
= s o i l  po ros i ty ,  
AB = a r e a  reduct ion  f a c t o r  ( i . e . ,  t h e  f r a c t i o n  of bare or unprotected 
s o i l  i n  the  a r e a ) ,  
i = r a i n f a l l  i n t e n s i t y ,  
A = t o t a l  su r face  a rea  subjec ted  t o  r a i n f a l l ,  
and VF  is es t imated  a s  
VF = DOF ( T c  - V R )  i f  Tc 2 VR  (4) 
VF  = 0 i f  Tc  < VR 
where T, = the  sediment t r anspor t  capac i ty  of the  overland flow (sum fo r  a l l  
sediment s i z e s ) ,  
DOF = -t he  overland flow detachment c o e f f i c i e n t .  
The t o t a l  supply is then d i s t r i b u t e d  by s i z e  f r a c t i o n s  based on the  p a r t i c l e  
s i z e  d i s t r i b u t i o n ,  and then the  supply-for  a given s i z e  i s  compared t o  the 
t r an spo r t  capac i ty  f o r  t h a t  s i z e .  The f r a c t i o n  of t h e  t o t a l  t r an spo r t  
capac i ty  represented  by a  given s i z e  may not  be the  same a s  the  f r a c t i o n  of 
t h e  a v a i l a b l e  sediment represented by t h a t  s i z e .  Thus, gene ra l ly  VR  must be 
g r e a t e r  than t h e  t o t a l  t r anspor t  capac i ty  i n  order f o r  s u f f i c i e n t  sediment 
supply t o  be ava i l ab l e ,  and hence DOF becomes unimportant.  
From a phys ica l  s t andpo in t ,  f o r  t he  watersheds of i n t e r e s t  t o  Army land 
managers, t h e  primary sources of e ros ion  w i l l  be t h e  overland flow areas .  
This  is e spec i a l l y  t r u e  f o r  the  watersheds examined i n  t h i s  r epo r t .  Each of 
these watersheds is  small with highly vegeta ted ,  swale channels ( e spec ia l ly  
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t h e  Lawson Creek T r i b u t a r y  number 1 c h a n n e l  which is comple te ly  g r a s s e d  
throughout i t s  e n t i r e  l e n g t h ) .  T h e r e f o r e ,  from a p h y s i c a l  s t a n d p o i n t ,  
i t  would be  expec ted  t h a t  l i t t l e  channe l  e r o s i o n  o c c u r s  and s o  t h e  v a l u e  of 
$ the  channe l  detachment c o e f f i c i e n t  was assumed t o  be un impor tan t  and s e t  e q u a l  
1 
f g 





Y(- Thus,  i n  most c a s e s  t h e  r a i n d r o p  s p l a s h  detachment c o e f f i c i e n t ,  a l ,  i s  t h e  
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@ those  t r a i n i n g  s i t e s  where g u l l i e s  a r e  a problem ( e . g . ,  F o r t  Knox) bo th  t h e  
&$ r a i n d r o p  s p l a s h  and channe l  f low detachment c o e f f i c i e n t s  need t o  be examined. 
@ 
A good way t o  s e p a r a t e  t h e  e f f e c t s  of t h e  two s o u r c e s  o f  sediment  might be t o  $3 
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P& sheds and t h e n  t o  i t e r a t e  on t h e  c h a n n e l  f low detachment  c o e f f i c i e n t  u n t i l  t h e  
f 
$ 
4 i  excess  measured sediment  is accounted f o r ,  (Note:  i t  s h a l l  be shown l a t e r  j$,

T r  
b 
k? t h a t  detachment  c o e f f i c i e n t  v a l u e s  a r e  t r a n s f e r a b l e  between s i m i l a r  
c w a t e r s h e d s ) ,  
301 
3.  CALIBRATION EXPERIENCE 

. . 
Runoff and sediment  y i e l d  d a t a  f o r  17 s to rm e v e n t s  on f i v e  s m a l l  water- 
s h e d s ,  two i n  Iowa and t h r e e  i n  I l l i n o i s ,  were used f o r  c a l i b r a t i o n , '  
A c t u a l l y ,  t h e  two wate r sheds  i n  Iowa a r e  a d j a c e n t  t o  e a c h  o t h e r ,  w h i l e  t h e  
t h r e e  i n  I l l i n o i s  a r e  p e r m u t a t i o n s  of t h e  same b a s i c  wa te r shed .  Both of t h e s e  
groups  o f  wa te r sheds  a r e  d e s c r i b e d  a s  groups  below. 
3.1 . I  Lawson Creek T r i b u t a r y  No. 1 
T h i s  wa te r shed  comprises  t h e  nor thwes t  p o r t i o n  o f  t h e  S h e f f i e l d ,  I l l i n o i s  
low- leve l  r a d i o a c t i v e  waste  d i s p o s a l  f a c i l i t y .  T h i s  f a c i l i t y  is l o c a t e d  3  
m i l e s  s o u t h w e s t  of S h e f f i e l d ,  I l l i n o i s ,  and i t s  g e o l o g i c  and h y d r o l o g i c  
c h a r a c t e r i s t i c s  have been s t u d i e d  by t h e  U.S. G e o l o g i c a l  Survey from 1975 t o  
t h e  p r e s e n t  ( 9 )  w i t h  moni to r ing  of  wa te r  and sediment  y i e l d  beg inn ing  i n  
J u l y ,  1982. From J u l y ,  1982, t o  l a t e  J u l y ,  1983, Lawson Creek T r i b u t a r y  
number 1 (LCT 1 )  had an a r e a  of  3.25 a c r e s ,  a s  deno ted  by t h e  heavy l i n e  i n  
F i g .  1 .  I n  l a t e  J u l y ,  1983, t h e  d r a i n a g e  p a t t e r n ' w a s  a l t e r e d  such  t h a t  an 
-
a d d i t i o n a l  1 . 1  a c r e s  d r a i n e d  through LCT 1 .  The modi f i ed  wate r shed  is  
r e f e r r e d  t o  a s  L C T I P ,  and i ts  boundary. -is denoted by t h e  dashed l i n e  i n  
F ig .  1 .  The m a j o r i t y  of t h e  a d d i t i o n a l  1.1 a c r e s  was b a r e  o r  n e a r l y  b a r e  
s o i l ,  and s o  t h e  water  and sediment  y i e l d  f o r  L C T l P  show s i g n i f i c a n t  i n c r e a s e s  
r e l a t i v e  t o  t h o s e  f o r  LCT 1 .  I n  o r d e r  t o  s e a l  o f f  t h e  new s o u r c e s  of  h igh  
f low and sed iment  a  berm was b u i l t  a c r o s s  t h e  west e n d  of t h e  watershed on 
A p r i l  1 0 ,  1984. The r e s u l t i n g  2.86 a c r e  watershed is  r e f e r r e d  t o  a s  LCTlP2, 
and its boundary is  denoted by t h e  d o t t e d  l i n e  i n  F i g .  1 .  
These p e r m u t a t i o n s  on t h e  Lawson Creek T r i b u t a r y  number 1 watershed o f f e r  
an  i n t e r e s t i n g  s t u d y  i n  terms of  r e l a t i n g  detachment c o e f f i c i e n t s  t o  Army 
t r a i n i n g  p r a c t i c e s  and management p r a c t i c e s .  LCT1P2 c a n  be viewed a s  
Figure 1 . 	 Lawson Creek Tributary Number 1 Watersheds 
Northwest Corner of the Sheffi e l d ,  I11 inois , 
Low-level Radioactive Waste Disposal Faci l i t y  
co r r e spond ing  t o  t h e  u n a l t e r e d  s t a t e  of t h e  t r a i n i n g  s i t e  (wa t e r shed ) .  LCT 1 
h a s  somewhat more b a r e  s o i l  and g r e a t e r  sediment  y i e l d  t h an  LCT1P2, hence 
LCT 1 may be  viewed a s  t h e  t r a i n i n g  s i t e  (wa te r shed)  a f t e r  l i m i t e d  t r a i n i n g  
a c t i v i t y .  LCTlP h a s  a  good d e a l  of b a r e  s o i l  and l a r g e  sediment  y i e l d s ,  hence 
LCTIP may be viewed a s  t he  t r a i n i n g  s i t e  (wa te r shed)  a f t . e r  e x t e n s i v e  t r a i n i n g .  
The s o i l s  i n  t h i s  watershed a r e  mainly  from t h e  F a y e t t e  and Strawn s o i l  
a s s o c i a t i o n s ,  The Strawn s e r i e s  s o i l s  a r e  deep,  s t r o n g l y  s l o p i ng  t o  s t e e p ,  
w e l l r d r a i n e d  t o  moderate ly  we l l -d ra ined  g r a y i s h  brown s i l t  loams w i t h  moderate 
p e rmeab i l i t y  and moderate a v a i l a b l e  wa t e r  c a p a c i t y .  The F a y e t t e  s e r i e s  s o i l s  
a r e  g e n t l y  s l o p i n g  t o  ve ry  s t e e p ,  we l l 4d r a ined  g r a y i s h  brown s i l t  loams wi th  
moderate p e rmeab i l i t y  and h igh  t o  ve ry  h i gh  a v a i l a b l e  wa t e r  c a p a c i t y .  Based 
on  USDA s o i l  s u rveys ,  a  r e a s on ab l e  r ange  f o r  t h e  r e s a t u r a t e d  h y d r a u l i c  
c o n d u c t i v i t y  is  0,1  t o  1 .0  i n . / h r .  The U.S.G.S. p rov ided  d a t a  on t h e  s o i l  
p o r o s i t y  (0 .45)  and t h e  i n i t i a l  s o i l  mois tu re  ( f rom t e n s i ome t e r  d a t a )  f o r  e ach  
s to rm e v e n t ,  whi le  t h e  f i n a l  s o i l  mo i s t u r e  f r a c t i o n  was assumed t o  be  1 . 0 ,  
Ac t u a l l y ,  ,the' i n i t i a l  s o i l  mo i s t u r e  f r a c t i o n ,  SI, was determined by combining 
t e n s i ome t e r  d a t a  w i t h  antecedent-  r a i n f a l l  ( i f  any)  on t h e  s to rm d a t e ,  a s  shown 
i n  Tab l e  1 .  Data p r e sen t ed  by Bouwer ( 3 )  i n d i c a t e s  a r e a s onab l e  r a ng e  of  t h e  
average  c a p i l l a r y  s u c t i o n  is -5 t o  -40 i n .  f o r  t h e s e  s o i l s .  
The wate r shed  is  covered w i th  brome g r a s s ,  which h a s  an  i n t e r c e p t i o n  
p o t e n t i a l  between 0.01 and 0 .05 i n .  For some of t h e  s t o rms  which had s i g n i f i -  
c a n t  a n t e c ed en t  r a i n f a l l  ( s e e  Tab l e  I ) ,  t h e  i n t e r c e p t i o n  p o t e n t i a l  was 
assumed t o  b e  n e a r l y  f i l l e d ,  hence t h e  i n t e r c e p t i o n  p o t e n t i a l  r a ng e  was t aken  
a s  0.001 -< VG -< 0.002 i n .  The pe r cen t age  of  v eg e t a l  (g round)  c ov e r  v a r i e s  
both  s p a t i a l l y  over  t h e  wa te r sheds  and between s ea sons .  For t h e  summer of 
1982, t h e  l e f t  s i d e  of LCT 1 ( l o ok i ng  upst ream) had 85%cover  and t h e  r i g h t  
s i d e  had 60% cove r ,  whi le  i n  t h e  summer of 1983 t h e  cove r  p e r c en t a g e s  
T a b l e  1 
I n i t i a l  S o i l  Mois tu re  F r a c t i o n  f o r  Lawson Creek 
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LCTI P 07/30/83 ( 1 ) 
LCT1 P 07/30/83 ( 2 )  
LCTl P 08 /26/83 
LCTl P 09/18/83 
LCT1 P2 05/25/84 
LCT1 P2 06/06/84 
LCT1 P2 10/31/84 
were 85 and 40 f o r  t h e  l e f t  and r i g h t  s i d e s ,  r e s p e c t i v e l y .  For t h e  summer and 
f a l l  of  1983, t h e  l e f t  s i d e  o f  L C T l P  had 70% cover  and t h e  r i g h t  s i d e  had 35% 
cover .  For t h e  summer of 1984, t h e  cover  c o n d i t i o n s  f o r  LCT1P2 r e t u r n e d  t o  
those for LCT1 i n  t h e  summer of 1983. I n  t h e  w i n t e r ,  t h e  p e r c e n t a g e s  on e a c h  
s i d e  f o r  e a c h  watershed dropped by abou t  20%.  Due t o  a l a c k  of  s u f f i c i e n t  
-
i n f o r m a t i o n  on t h e  over land  f low r e s i s t a n c e  c o e f f i c i e n t ,  ADW, i t  was assumed 
t o  be  unbounded. The channe l  is h e a v i l y  g r a s s e d ,  s o  a r e l a t i v e l y  h i g h  
Manning's n v a l u e  would be expec ted .  Using Cowanqs method ( 6 )  t h e  range f o r  n 
was e s t i m a t e d  t o  be 0.05 t o  0 , IO.  
Complete r a i n f a l l ,  r u n o f f ,  and sediment  y i e l d  d a t a  a r e  a v a i l a b l e  f o r  t h e  
t e n  s t o r m  e v e n t s  l i s t e d  i n  Tab le  1 .  The r a i n f a l l  h y e t o g r a p h ,  r u n o f f  hydro- 
g raph ,  and t o t a l  measured sediment  y i e l d  f o r  each o f  t h e s e  s t o r m s  a r e  
p r e s e n t e d  i n  Appendix B. 
For any g i v e n  storm e v e n t  on t h e  watershed nnLy 8 t o  10 sediment  concen-
t r a t i o n  p o i n t s  a r e  a v a i l a b l e .  While t h i s  is  a n  u n u s u a l l y  l a r g e  amount of  good 
q u a l i t y  sediment  c o n c e n t r a t i o n  d a t a ,  t h e  e s t i m a t e  of  t h e  t o t a l  measured 
sed iment  y l e l q c a n  f u r t h e r  be enhanced by u s i ng  a  r e g r e s s i o n  e qu a t i o n  
deve loped  by Gray (9). 
where QSC = sediment  c o n c e n t r a t i o n  a t  t ime  t i n  mg/l. 
+L 
Th i s  e qu a t i o n  was de r i ved  by performing a r e g r e s s i o n  a n a l y s i s  on t h e  f low and 
sed iment  c o n c e n t r a t i o n  d a t a ,  and by u s i ng  i t  sediment  c o n c e n t r a t i o n s  co r r e -
sponding t o  e ach  p o i n t  on t h e  hydrograph may be c a l c u l a t e d  and hence  a  b e t t e r  
e s t im a t e  of t h e  t o t a l  sediment  y i e l d  may be ob t a i ned .  T h i s  e qu a t i o n  ha s  a  
c o r r e l a t i o n  c o e f f i c i e n t  of  0.823 which,  g i ven  t h e  r e l a t i v e  accuracy  o f  
sed iment  c o n c e n t r a t i o n  d a t a ,  makes i t  a ve ry  r e a s onab l e  r e p r e s e n t a t i o n  of  t h e  
t r u e  sed iment  c on c en t r a t i o n  and t h e  t r u e  sediment  l o ad .  Equat ion 5 is on ly  
v a l i d  f o r  LCT 1  and LCTIP, and s o  t h e  t o t a l  measured sediment  y i e l d  for LCT1P2 
was de te rmined  from t h e  sediment  c on c en t r a t i o n  d a t a .  
3.1.2 Four Mi l e  Creek Watershed 
The Four M i l e  Creek wate r shed  o r i g i n a t e s  i n  nor thwes t  Tama County,  Iowa, 
n e a r  L inco ln .  The e n t i r e  Four Mile  Creek b a s i n  ha s  been monitored f o r  wa te r ,  
s ed imen t ,  and n u t r i e n t  y i e l d s  by Iowa 'Sca te  Un i v e r s i t y  s i n c e  1976 ( 12 , 13 ) .  In 
t h i s  s t u d y  o n l y  two sma l l  wa te r sheds  i n  t h e  Four Mile Creek b a s i n  a r e  
examined. These  sma l l  wa te r sheds  a r e  denoted a s  ISU-1 and ISU-2 (Iowa S t a t e  
Un i v e r s i t y  wa te r sheds  number 1  and 2 ) .  ISUr1 and ISU-2 a r e  12.2 and 15.5 
a c r e s  i n  a r e a ,  r e s p e c t i v e l y ,  and t h e i r  topography and s o i l s  a r e  shown i n  
F i g .  2 .  
A s  i n d i c a t e d  i n  F ig .  2 ,  t h e  s o i l s  ISU-1 and ISU-2 a r e  Tama s i l t  loam and 
ColokJudson silt  loam, which a r e  modera te ly  permeable,  da rk  c o l o r e d  s o i l s  wi th  
g e n t l y  s l o p i n g  topography. Based on in format ion  p rov ided  by Park ( 21 )  and 
Park and M i t c h e l l  ( 2 2 )  t h e  p o r o s i t y  of t h e  composite s o i l  i s  0.475 and t h e  
Figure 2. Topography and ~ o i1s of ~ o w aState Un i  versi t y  Watersheds 
Numbers 1 and 2 (from Johnson, 13) 
r e a s o n a b l e  r a n g e  of v a l u e s  f o r  t h e  r e s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  i s  0.01 
t o  0.30 i n . / h r .  The i n i t i a l  s o i l  m o i s t u r e  f r a c t i o n  is  t a k e n  from t h e  
a n t e c e d e n t  s o i l  mois tu re  c a l i b r a t e d  by Park ( 2 1 )  ( s e e  T a b l e  2 ) ,  and t h e  f i n a l  
s o i l  m o i s t u r e  f r a c t i o n  is  assumed t o  be 1 . 0 .  S i n c e  t h e s e  s o i l s  a r e  s i l t  
t h e  r a n g e  f o r  t h e  average  c a p i l l a r y  s u c t i o n  was t a k e n  a s  -5 t o  -40 i n .  
T a b l e  2 

I n i t i a l  S o i l  Mois tu re  F r a c t i o n  f o r  ISU-1 and ISU-2 

Both ISUrl and ISU-2 a g r i c u l t u r a l  wa te r sheds  which have been used f o r  
growing c o r n  ( 1 s ~ - 1  i n  1977, I&-2 i n  1978)  and soybeans  (ISU-1 i n  19T85 
ISU-2 i n  1977) on a  y e a r l y  r o t a t i o n  b a s i s .  Each s p r i n g  t h e  r e s i d u e  from t h e  . .. 
p r e v i o u s  y e a r ' s  c r o p  is plowed and /or  d i s k e d  i n t o  t h e  s o i l  a l o n g  w i t h  f e r t i ~  
l i z e r  t o  p r o v i d e  a  food b a s e  f o r  t h e  new c r o p  and a  s m a l l  amount o f  e r o s i o n  
p r o t e c t i o n  f o r  t h e  s o i l .  Complete d e t a i l s  on t h e  ground and canopy cover 
c o n d i t i o n s  f o r  t h e s e  wa te r sheds  a r e  o b t a i n a b l e  from t h e  t i l l a g e  schedu le  and 
c rop  p r o g r e s s  pho tos  p r e s e n t e d  by Johnson ( 1 3 ) .  Once a g a i n  t h e  o v e r l a n d  f l o w  
r e s i s t a n c e  c o e f f i c i e n t  was unbounded i n  t h e  c a l i b r a t i o n  procedure .  For t h e s e  
wa te r sheds ,  t h e  channel  i s  l e s s  v e g e t a t e d  t h a n  f o r  Lawson Creek t r i b u t a r y  
number 1 ,  and s o  from Cowanvs method ( 6 ) ,  t h e  range  of n  v a l u e s  o f  0.03 t o  
0 , 1 0 *  
T a b l e  2 l ists  t h e  d a t e s  o f  t h e  s t o r m  e v e n t s  which were c a l i b r a t e d  f o r  
t h i s  r e p o r t .  The s torm e v e n t s  a r e  n o t  t h e  same f o r  t h e s e  a d j a c e n t  watersheds  
27 
i t  was found t h a t  t h e  runoff  when soybeans  a r e  p l a n t e d  is f a r  l e s s  . 




s c h a r g e  > 2 c f s )  on t h e  wa te r shed  p l a n t e d  w i t h  c o r n  o f t e n  produced 
b 

& runof f  (peak d i s c h a r g e  < 0.6 cf s )  on t h e  n e i g h b o r i n g  watershed 
0 
4 planted w i t h  soybeans .  When soybeans  a r e  p l a n t e d ,  a l a r g e  amount o f  r e s i d u e  
from t h e  p r e v i o u s  y e a r ' s  c o r n  c r o p  is t i l l e d  i n t o  t h e  s o i l ,  w h i l e  when c o r n  i s  
8; planted a  v e r y  s m a l l  amount of r e s i d u e  from t h e  p r e v i o u s  y e a r ' s  soybean crop 
a 

&I is t i l l e d  i n t o  t h e  s o i l .  Thus,  when soybeans  a r e  p l a n t e d  t h e  s u r f a c e  rough- # 
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d i f f e r e n c e  i n  r u n o f f  magnitude. The MODANSW model ( 2 2 )  is i n c a p a b l e  of 
+ 
$73 e x p l i c i t l y  d e a l i n g  w i t h  t h i s  i n c r e a s e d  d e t e n t i o n  s t o r a g e ,  and s o  when Park 
'US1 g








SI between ISU-I and ISU-2 f o r  t h e  August 15,  1 ~ 7 7and May 27, 1978 s torms.  
$1 Since MULTSED is a l s o  i n c a p a b l e  of  e x p l i c i t l y  a c c o u n t i n g  f o r  d e t e n t i o n  
i 
8; s t o r a g e ,  i t  was dec ided  t o  account  f o r  i t  i n  t h e  i n i t i a l  s o i l  m o i s t u r e  h e r e  
-i "  
L I .  
a s  we l l .  
Complete r a i n f a l l ,  r u n o f f ,  and Sediment c o n c e n t r a t i o n  d a t a  a r e  a v a i l a b l e  
f o r  t h e  seven  s t o r m  e v e n t s  on ISUd and ISU-2 l i s t e d  i n  Tab le  2 .  The r a i n f a l l  
2 

hyetograph,  r u n o f f  hydrograph,  and t o t a l  measured sed iment  y i e l d  f o r  each of 
these  s t o r m s  a r e  p r e s e n t e d  i n  Appendix B. For t h e s e  w a t e r s h e d s ,  t h e  t o t a l  
sediment y i e l d  was e s t i m a t e d  from t h e  sediment  c o n c e n t r a t i o n  d a t a .  
3 2  C a l i b r a t i o n  R e s u l t s  
3.2.1 Hydro log ic  F i t t i n g  
T h i r t e e n  of  t h e  s e v e n t e e n  s to rm e v e n t s  c a l i b r a t e d  r e q u i r e d  some time 
s h i f t i n g  o f  t h e  hydrographs  and /or  e x t r a  c o n s t r a i n t s  on t h e  r e s i s t a n c e  
c o e f f i c i e n t s  i n  o r d e r  t o  a c h i e v e  a  good h y d r o l o g i c  f i t  which a l l o w s  t h e  p roper  
sed iment  y i e l d .  N e v e r t h e l e s s ,  d e s p i t e  t h e  r e d u c t i o n  o f  h y d r o l o g i c  f i t  
q u a l i t y  b rought  on by t h e  hydrograph s h i f t i n g  and r e s i s t a n c e  c o e f f i c i e n t  
c o n s t r a i n t s ,  t h e  h y d r o l o g i c  f i t s  o b t a i n e d  were q u i t e  good. T h i s  is shown i n  
Tab le  3, where t h e  p e r c e n t  d i f f e r e n c e  between t h e  measured and c a l i b r a t e d  
hydrographs  i n  terms of t h e  peak d i s c h a r g e  and t h e  t o t a l  r u n o f f  volume is 
g iven .  Also i n  Tab le  3, t h e  f i n a l  c a l i b r a t i o n  o b j e c t i v e  f u n c t i o n  is g iven  a s  
a p e r c e n t a g e  of t h e  t o t a l  sum of  s q u a r e s  of t h e  f low d a t a ,  t h i s  g i v e s  some 
i d e a  o f  t h e  q u a l i t y  o f  f i t  i n  t e rms  of  t h e  hydrograph shape.  
Tab le  3 

Q u a l i t y  of  t h e  Hydrologic  F i t  

measured v e r s u s  c a l i b r a t e d  
LCT 1 07/21 /82 - 9.7 - 2.4 1.8 
LCT 1 - 11/09/82 + 4.2 P 7.8 2,4 
LCT 1 06/29/83 + 701. - 8.0 2,8 
LCTIP 07/30/83 (1 ) +17.8 r- 7.0 
LCT1P 07/30/83 ( 1 )  +22,3 - 6.8 
LCTlP 08/26/83 +33.5 ;-12;9 
LCTIP 09/18/83 - . -~  - 7.9 - 563 
LCT1 P2 05/25/84 + 8.9 - 5.8 L-.-3 7 
LCTIP2 06/06/84 +16.0 - 5.8 3.6 
LCT1P2 10/31/84 - - 1.3 ~13.9 2.1 
The "best"  f i t  hydrograph f o r  each of t hese  storm even t s  is  p l o t t e d  along with 
the  measured hydrograph f o r  comparison of t h e  two i n  Appendix B. To ge t  a 
f ee l  f o r  t h e  q u a l i t y  of t h e  hydrologic f i t s  obta ined ,  Table 4 is  o f fe red  f o r  
,omparison wi th  Table 3. Table 4 d i s p l a y s  the  f i t  q u a l i t i e s  obtained by 
Park (21)  when he c a l i b r a t e d  MODANSW f o r  s i x  of t he  s torm events  examined he re  
(note: he c a l i b r a t e d  i n  terms of matching s imulated and measured t o t a l  runoff 
volume). From the  comparison of Tables  3  and 4 it  i s  c l e a r  t h a t  t h e  f i t s  
obtained h e r e  a r e  a l l  a t  l e a s t  a s  good a s  those obta ined  by Park with most of 
them b e t t e r ,  
Table 4  
Q u a l i t y  of Hydrologic F i t  Obtained by Park u s i n g  MODANSW 
measured versus  	c a l i b r a t e d  
Volume 
ISU-1 04/19/77 -54.0 7-0.6 
ISU-1 08/15/77 - -16.5 -0.2 
ISU-1 05/27/78 e17.9 +5.1 
ISU-2 08/15/77 -28,5 + I  ,6 
ISU-2 04/18/78 r55.4 +3.5 
ISU-2 05/27/78 -32.8 70.3 
The q u a l i t y  of the hydrologic f i t  could be improved even f u r t h e r  by 
making t h e  adjustment i n  MULTSED, of not  allowing i n f i l t r a t i o n  a f t e r  the 
r a i n f a l l  input  has ceased. Ward ( 2 9 )  r e p o r t s  t h a t  t h i s  adjustment has already 
been made i n  t h e  YULTSED vers ion  a t  New Mexico S t a t e  with g rea t  success.  
Furthermore, i t  is c l e a r  from the  comparison of measured and simulated 
hydrographs i n  Appendix B t h a t  t h e  s imulated r ecess ion  curves decrease much 
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t o o  r a p i d l y ,  and  s o  t h i s  a d j u s t m e n t  would improve t h e  f i t s  o b t a i n e d  i n  t h i s  
s t u d y .  An a d j u s t m e n t  of t h i s  t y p e  is  n o t  uncommon i n  h y d r o l o g i c  modeling,  and  
i t  can be  i n t e r p r e t e d  a s  a c c o u n t i n g  f o r  t h e  e f f e c t s  of  prompt s u b s u r f a c e  f low 
( i . e . ,  i n t e r f l o w )  on t h e  measured hydrograph.  T h i s  a d j u s t m e n t  was n o t  made i n  
t h e  c a l i b r a t i o n  work performed h e r e .  N e v e r t h e l e s s ,  i t  i.s f e l t  t h a t  t h e  
r a i n d r o p  s p l a s h  detachment c o e f f i c i e n t  v a l u e s  c a l i b r a t e d  h e r e  a r e  q u i t e  
L1 
r e a s o n a b l e  s i n c e  t h e  m a j o r i t y  o f  sed iment  detachment and t r a n s p o r t  o c c u r s  
b e f o r e  t h e  hydrograph r e a c h e s  t h e  lower  p a r t  of t h e  r e c e s s i o n  c u r v e .  
T a b l e  5 shows t h e  c a l i b r a t e d  v a l u e s  o f  t h e  h y d r o l o g i c  pa ramete rs .  A11 
of  t h e s e  v a l u e s  f a l l  w i t h i n  t h e  r e a s o n a b l e  range  f o r  each  r e s p e c t i v e  para- 
meter .  I t  is a l s o  encouraging t o  s e e  t h a t  t h e  v a r i a n c e  i n  parameter  v a l u e s  
from s t o r m  t o  s t o r m  i s  n o t  e x c e s s i v e .  Fur thermore,  a  comparison between t h e  
s i m i l a r  w a t e r s h e d s ,  i . e . ,  LCT 1 ,  LCTIP, and LCTIP2; and  ISU-1 and ISU-2, shows 
good c o n s i s t e n c y  i n  t h e  v a l u e s  o f  a l l  t h e  pa ramete rs .  These  r e s u l t s  i n d i c a t e  
t h a t  t h i s  model can  g e n e r a t e  r e a l i s t i c  r u n o f f  e v e n t s  g i v e n  a d e q u a t e  d a t a  
abou t  t h e  s i t e  c o n d i t i o n s .  T h i s  performance is  expec ted  from a  good 
p h y s i c a l l y  based  h y d r o l o g i c  model. F i n a l l y ,  t h e  r e s u l t s  g i v e n  i n  Tab le  5 
s u p p o r t  t h e  f o l l o w i n g  impor tan t  p o i n t s :  
1 .  	 S i n c e  t h e  pa ramete r  v a l u e s  f o r  MULTSED show good c o n s i s t e n c y  between 
s i m i l a r  w a t e r s h e d s ,  i t  is concluded t h a t  c a l i b r a t e d  h y d r o l o g i c  in format ion  
f o r  one watershed may be t r a n s f e r r e d  f o r  s i m u l a t i o n  o f  s i m i l a r  ungaged 
w a t e r s h e d s .  
The c a l i b r a t e d  parameter  v a l u e s  tended t o  f a l l  i n t o  c e r t a i n  p o r t i o n s  of 
t h e i r  p h y s i c a l l y  r e a s o n a b l e  ranges ( L e e ,  KH i n  t h e  lower p o r t i o n ,  
ADW, n ,  and i n t e r c e p t i o n  p o t e n t i a l  i n  t h e  upper p o r t i o n ,  and -@ i n  t h e  
middle  p o r > t i o n ) .  Thus, f o r  ungaged watersheds  f o r  which t h e r e  a r e  no 




may be o b t a i n ed  choos ing  pa ramete r  v a l u e s  i n  t h e  a p p r o p r i a t e  p o r t i o n s  of 
t h e i r  p h y ~ i c a l l y  r e a s on ab l e  r ange s .  
Tab l e  5 
C a l i b r a t e d  Hydro log ic  Paramete r  Va lues  
LCT 1 07/21 /82 0.100 5,O 0.010 0.090 512. 
r r T  1 ? ? /03 /82 0,100 20,4 odogo -- 0.091 9000,Yvr.  
LCT 1 06/29/83 0,107 40.0 0.020 -- 0.053 1700. 
Note: KH = r e s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  
-
= ave r age  c a p i l l a r y  s u c t i o n  ( exp r e s s ed  as  a p o s i t i v e  v a l u e )  
VG = ground cover  i n t e r c e p t i o n  
VC = canopy cover  i n t e r c e p t i o n  
n = ManningPs n f o r  channe l  f l ow  
ADW = t h e  maximum ove r l and  f l ow  r e s i s t a n c e  pa r ame t e r  
3. The f a c t  t h a t  n and ADW t ended  t o  b e  i n  t h e  upper  p o r t i o n  of t h e i r  
p h y s i c a l l y  r e a l i s t i c  r a ng e s  is  a s  expec ted  because  t h e s e  h i g h e r  r e s i s t a n c e  
v a l u e s  h e l p  t h e  k inemat ic  wave approx imat ion  a r t i f i c i a l l y  s imu l a t e  n a t u r a l  
a t t e n u a t i o n  o f  t h e  f low. I t  is encourag ing  t o  s e e  t h a t  v a l u e s  w i t h i n  t h e  
p h y s i c a l l y  r e a sonab l e  r a ng e s  o f  n and ADW a r e  c a p a b l e  o f  a ccoun t i ng  f o r  
n a t u r a l  a t t e n u a t i o n  (w i t h  some t ime  s h i f t i n g )  because  t h i s  l e a d s  u s  t o  
b e l i e v e  t h a t  t h e  k i nema t i c  wave approx imat ion  is  a c c e p t a b l e  f o r  e r o s i o n  
modeling.  
3 .2 ,2  Detachment C o e f f i c i e n t  C a l i b r a t i o n  
A s  p o i n t e d  o u t  i n  Chapter  2 ,  t h e  ove r l and  f l ow  detachment  c o e f f i c i e n t  is 
i n s i g n i f i c a n t  due t o  t h e  s t r u c t u r e  o f  t h e  MULTSED model,  and  f o r  t h e  h e av i l y  
v e g e t a t e d ,  swa l e  channe l s  found i n  t h e s e  wa t e r sheds  i t  is r e a s on ab l e  t o  assume 
t h e  channe l  e r o s i o n  and ,  h ence ,  t h e  channe l  detachment c o e f f i c i e n t ,  i s  
n e g l i g i b l e .  Thus ,  i n  t h i s  s t u d y ,  o n l y  t h e  r a i n d r op  s p l a s h  detachment  c o e f f i -  
c i e n t ,  a l ,  was c a l i b r a t e d  and t h e  op t ima l  v a l u e s  o f  a1 and t h e  measured and 
s imu l a t e d  sedimell t  y i e l d  f o r  e ach  s to rm e v en t  a r e  shown i n  Tab le  6 .  These 
Tab le  6 
Ca l i b r a t e d  Values  o f  t h e  Raindrop Sp l a s h  Detachment C o e f f i c i e n t  
Watershed Date a1 Measured S imula ted  
( l b s )  ( l b s )  
LCT 1 07/21 /82 0,0140 21 90 .  2190. 
LCT 1- 11 1'01 /82 0,0037 2180, 2180. 
LCT 1 06/29/82 0.0088 3830 0 3840-
LCTl P 07/30/83 ( 1 ) 0,0107 13960. 13950. 
LCTl P 07/30/83 ( 2 )  + O..Oll'l 9970.  10000. 
LCTl P 08/26/83 0 ,0057 11520. 11570, 











agree q u i t e  wel l  with those found by Ward and Seiger  (30)  f o r  r a i n f a l l  
t e s t s  on f i v e  d i f f e r e n t  s o i l  types  i n  the  Pinon Canyon watershed i n  
~ ~ l ~ r a d o .Ward and Seiger  found t h e  mean values of a,  f o r  t hese  s o i l s  ranged 
from 0.00047 t o  0.02433. 
BY observing t h e  r e s u l t s  r epor t ed  i n  Table 6 two important inferences  may 
be 	made:: 
1 .  	 The r a i n f a l l  detachment c o e f f i c i e n t s  f o r  ISU-1 and ISU-2 seem t o  be 
f a i r l y  con s i s t en t  ( e spec i a l l y  comparing t h e  August 15,  1977 storm even t ) .  
This  l e ad s  t o  t h e  conc lus ion  t h a t  t hese  a1 va lues  may be t r an s f e r ab l e  
between s im i l a r  watersheds f o r  s im i l a r  storm cond i t ions  ( t h i s  w i l l  be 
examined i n  more d e t a i l  l a t e r ) ,  
2. 	 I t  i s  a l s o  c l e a r  t h a t  LCT l P  and LCT 1 gene ra l ly  have h igher  r a i n f a l l  
detachment c o e f f i c i e n t  va lues  than LCTIP2, with t h e  mean va lue  f o r  LCT IP  
( t h e  worst c a s e )  more than an order  of magnitude g r e a t e r  than t h a t  f o r  
LCTIP2 ( t h e  n a t u r a l  c a s e ) .  Th i s  comparison po in t s  q u a l i t a t i v e l y  toward 
the  type of changes which w i l l  need t o  be made i n  t h e  va lues  of t h i s  
c o e f f i c i e n t  t o  r e f l e c t  t h e  ua tershed  degradat ion caused by t r a i n i n g  i n  
add i t ion  t o  ad jus t ing  the  cover percentages.  
A s  a f i n a l  no te ,  i t  should be remembered t h a t  t h e  r e s u l t s  of 17 ca l ibra-  
t ion  t r i a l s  a r e  hard ly  conclus ive ,  and the re fo re  f u r t h e r  c a l i b r a t i o n  and 
r a i n f a l l  s imula tor  t e s t s  a r e  d e s i r ab l e .  I t  i s  f e l t  t h a t  t he  c a l i b r a t i o n  
Procedure descr ibed  i n  t h i s  r epo r t  should serve  a s  a  good guide t o  fu r the r  
c a l i b r a t i on  e f f o r t s .  Furthermore, t he  r e s u l t s  of t hese  example c a l i b r a t i o n s  
should provide a  use fu l  foundat ion f o r  t r a i n i ng  a r e a  s imula t ion  u n t i l  more 
c a l i b r a t i o n  information and r a i n f a l l  s imula tor  t e s t  r e s u l t s  become avai lab le .  
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3.2.3 Overland Flow Resistance 
The r e s u l t s  of these  17 storm ca l i b r a t i on s  provides l i t t l e  i n s i gh t  in to  
s e l e c t i n g  a value of the  overland flow r e s i s t ance  coe f f i c i en t ,  ADW, because 
i t s  value was found t o  vary g r ea t l y  between the  storms and between the  
watersheds. Actually, ADW is the  maximum overland flow r e s i s t ance  value which 
would occur i f  100% ground cover ex i s t ed  over the watershed. I n  MULTSED, the  
a c tua l  overland flow res i s t ance  coe f f i c i en t ,  Kg ,  is estimated a s  
2K = 100 + (ADW .- 100) C g . g 
where Cg = the  ground cover f r a c t i on .  
Perhaps, by considering Kg ins tead of ADW,  a b e t t e r  idea  of how t o  determine 
the  proper overland res i s t ance  value can be obtained. Table 7 shows the Kg 
values f o r  each of the ca l ib ra ted  events. In  genera l ,  the goal of Army 
simulat ion of t r a in ing  s i t e s  is t o  examine t h e  increase  i n  runoff and sediment 
y i e l d  caused by t r a in ing  a c t i v i t i e s .  Thus, i f  the  r e s u l t s  f o r  LCTIP2 (whose 
events produce small sediment y i e l d s )  a r e  ignored, it is  c lea r  t h a t  the 
-
variance i n  Kg values is  much smaller  than t ha t  f o r  ADW. Based on Table 7 ,  i t  
seems t h a t  when simulating post - t ra in ing a c t i v i t y  condi t ions ,  a good i n i t i a l  . .-
choice of ADW would be one t h a t  r e s u l t s  i n  Kg being between 400 and 1000. 
Furthermore, LCT1P2 is  s imi la r  t o  na tu ra l  s t a t e  t r a i n i ng  area condit ions,  and 
from t h i s  i t  appears t h a t  value of Kg g rea te r  than 2500 is appropr ia te .  These 
a r e  reasonable " ru les  of thumb" fo r  now, b u t  more research is needed regarding 
the  proper choice of ADW, both f o r  t h e  post- training a c t i v i t y  and the  na tu ra l  
s t a t e  watershed conditions. 
Table 7 










LCT1P2 05 /25 /8 4 2832. 
L;.T! p2  06/06/84 5240 6 
LCTIP2 10/31/84 31 200; 
3.2.4 ~f f iciency of the Calibration Program 
In the course of calibrating the 17 storm events on the 5 watersheds for 
water and sediment yields the GRG based hydrograph calibration program was 
used 66 times. The number of objective-function evaluations (i. e., hydrograph 
simulations) necessary to obtain the woptimalu fit ranged from 46 to 292 for 

these calibration runs with a mean of 129 and a standard deviation of 55. The 

primary reason for the variance in the number of objective function evalua- 

tions is the selection of the starting point for GRG. For comparison, 

Ibbitt ( 1 1 )  used a version of Rosenbrockvs optimization method (24), modified 

to handle the peculiar fitting problems associated with conceptual catchment 

models to fit a simple 9 parameter multiple reservoir model i  e  surface 

channel, soil moisture, and groundwater storage reservoirs) to synthetic data 

gene r a t e d  by t h i s  same model and t h en  s l i g h t l y  a l t e r e d .  I b b i t t  r e p o r t s  t h a t  
u s u a l l y  a s a t i s f a c t o r y  f i t  was a ch i eved  i n  t h e  f i r s t  few thousand o b j e c t i v e  
f u n c t i o n  e v a l u a t i o n s .  While t h e  GRG based c a l i b r a t i o n  is on ly  working wi th  a 
6 pa ramete r  model a s  opposed t o  a 9 parameter  model, i t  is doub t f u l  t h a t  an 
e x t r a  t h r e e  pa ramete rs  would c ause  a n  o r d e r  of  magnitude d i f f e r e n c e  i n  t h e  
number of o b j e c t i v e  f u n c t i o n  e v a l u a t i o n s  needed by GRG. Hence, from t h i s  
comparison i t  is c l e a r  t h a t  t h e  GRG based hydrograph c a l i b r a t i o n  is indeed 
r e l a t i v e l y  e f f i c i e n t .  
I n  t e rms  of computer t ime ,  a l l  t h e s e  c a l i b r a t i o n s  were done u s i n g  t h e  CDC 
Cyber 175 a t  t h e  Un i v e r s i t y  of  I l l i n o i s  a t  Urbana-Champaign. For t h e  66 
c a l i b r a t i o n  r u n s ,  t h e  execu t i on  t ime  ranged from approx imate ly  12  t o  130 CP 
seconds  of  execu t i on  t ime w i th  a  mean of  57 CP seconds  and a  s t a n d a r d  devia- 
t i o n  of 33 CP seconds .  The e x e cu t i o n  t ime f o r  t h e  hydrograph c a l i b r a t i o n  
program is p r ima r i l y  a f u n c t i o n  of t h e  number of o b j e c t i v e  f u n c t i o n  evalua-  
t i o n s  r e q u i r e d . a n d  of t h e  number of  p o i n t s  on t h e  s imu l a t e d  hydrograph. Fo r  
example, a c a l i b r a t i o n  r e q u i r i n g  s imu l a t i o n  of a  hydrograph 50 min. i n
-
du r a t i o n  u s i ng  233 o b j e c t i v e  f u n c t i o n  e v a l u a t i o n s  r e q u i r e d  68 CP s e c . ,  
wh i l e  a c a l i b r a t i o n  r e q u i r i n g  s imu l a t i o n  of a  hydrograph 120 min. i n  d u r a t i o n  
us ing  76 o b j e c t i v e  f u n c t i o n  e v a l u a t i o n s  r e qu i r e d  68 CP s e c .  F i gu r e  3 shows 
t h e  g e n e r a l  n a t u r e  of t h e  i n c r e a s e  of computer t ime w i t h  t h e  number of 
o b j e c t i v e  f u n c t i o n  e v a l u a t i o n s  and t h e  number of p o i n t s  on t h e  s imu la t ed  
hydrograph.  Based on Fig .  3 ,  when c a l i b r a t i n g  e v e n t s  w i t h  long  hydrograph 
d u r a t i o n s  i t  would be b e s t  t o  u se  f l ow  d a t a  a t  2 min. i n t e r v a l s  o r  g r e a t e r ,  
even when 1  min. d a t a  a r e  a v a i l a b l e ,  i n  o r d e r  t o  s ave  computer t ime .  
Number of Objective Function Eva1 u a t ions 
Figure 3. 	 Calibration Program Computer Time as a Func t ion  
of the Number of Objective Function Eva1 uations 
and the Numb& - o f  Points Generated for t he  
Simulated Hydrograph, NSP 
appropriate theoretical and/or empirical relations, which use parameters such 

as hydraulic conductivity, porosity, capillary suction, flow resistance 

coefficients, that have physical significance to the field situation. In 

contrast, regression models and "black boxu (input/output) type models 

typically use parameters which are not derivable from the physical conditions 

of the watershed but instead the parameters require extensive calibration to 

be applicable to any particular watershed. Furthermore, these calibrated 

parameters are only applicable to that watershed in its current condition 

(i.e., calibration condition), Therefore, the greatest advantage of 

physically based models is that the component relations are applicable to a 

wide range of watershed conditions without extensive parameter calibration, 

Physically based models are very flexible and may be applied to any watershed 

using parameter values derived from data on the soil and vegetation conditions 

of the watershed or parameter values transferred from calibration studies of 

similar watersheds, The vast majority of watersheds do not have runoff and/or 

sediment yield (especially sediment yield) data available. Therefore, the 

flexibility and parameter transferability characteristics of physically based 

models make them an invaluable tool to hydrologists and watershed managers. 

The flexibility of physically da&&d hydrologic models and the transfer- 
ability of parameter values between similar watersheds for these models is 
well documented and generally accepted. The results of the hydrograph 
calibration in this study have pointed to the MULTSED hydrologic parameter 
transferability in that these parameter values remain consistent when 
comparing calibrated values between similar watersheds. Furthermore, Li et 
al. ( 1 9 )  demonstrated the accuracy, flexibility, and parameter transferability 
for the hydrologic portion of MULTSED. Li et al. calibrated parameter values 
tDe e n t i r e  Four Mile  Creek b a s i n  a c h i e v i n g  good r e s u l t s  by  t r a n s f e r r i n g  t h e  
,# 
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9 The f l e x i b i l i t y  and parameter  t r a n s f e r a b i l i t y  of  t h e  e r o s i o n  components 3 
of p h y s i c a l l y  based  o v e r l a n d  e r o s i o n  models is n o t  a s  e a s i l y  shown because ,  a s  
exp la ined  e a r l i e r ,  t h e  o v e r l a n d  e r o s i o n  p r o c e s s  is s o  complex t h a t  a n  adequa te  
, , lat ion based on p h y s i c a l  p r i n c i p l e s  h a s  n o t  been d e r i v e d .  The r e s u l t s  of 
the c a l i b r a t i o n  work performed h e r e  seems t o  p o i n t  t o  t h e  c o n c l u s i o n  t h a t  
detachment c o e f f i c i e n t s  a r e  a l s o  t r a n s f e r a b l e  between s i m i l a r  wa te r sheds  
because t h e  detachment  c o e f f i c i e n t s  a l s o  remain c o n s i s t e n t  when comparing 
c a l i b r a t e d  va lues  between s i m i l a r  watersheds. Thus,  i n  t h i s  s e c t i o n  t h e  
* 	 detachment c o e f f i c i e n t  t r a n s f e r a b i l i t y  f o r  MULTSED w i l l  be i n v e s t i g a t e d  by 
s imula t ing  sed iment  y i e l d  f o r  a l a r g e r  m i d e a s t e r n  wa te r shed  by t r a n s f e r r i n g  
some of t h e  c a l i b r a t i o n  r e s u l t s  found e a r l i e r .  
3.3.1 	 w a t e r s h e d  f o r  Parameter T r a n s f e r  T e s t  
The Highland S i l v e r  Lake aFainage b a s i n  is l o c a t e d  approx imate ly  30 m i l e s  
e a s t  of S t .  L o u i s  near  Highland, I l l i n o i s .  T h i s  wa te r shed  h a s  been monitored 
. 4-. 
by t h e  I l l i n o i s  S t a t e  Water Survey f o r  wa te r  and sed iment  y i e l d  s i n c e  1981. 
Figure 4 shows a 3188 a c r e  p o r t i o n  of  t h i s  b a s i n  c a l l e d  HSL-1 which was used 
as t h e  wa te r shed  f o r  parameter t r a n s f e r .  HSL-1 is comprised of two subwater-  
sheds whose c h a n n e l s  merge t o  form a  l a r g e r  (main) c h a n n e l .  T h i s  main channel  
con t inues  downstream d r a i n i n g  two l a r g e  p l a n e s  u n t i l  i t  r e a c h e s  I l l i n o i s  S t a t e  
Water Survey  gag ing  s t a t i o n  number 3 a s  shown i n  F ig .  4. Subwatershed number 
1 i n  F i g .  4 a l s o  s e r v e s  a s  a gaged f i e l d  s i t e  (FS5) ,  and  s o  s e p a r a t e  s o i l  and 
v e g e t a t i o n  ( a n d / o r  l a n d  u s e )  d a t a  a r e  a v a i l a b l e  f o r  subwatershed number 1 and 
t h e  r e s t  of HSL-1. 
Figure 4. Gaging S ta t i on  3 Sub-watershed o f  Highland S i l v e r  Lake, 
Highland, I l l i n o i s  ( i . e . ,  HSL-1) 
4 1  
The soils in HSL-1 are mainly silt loams and silty clay loams. Four soil 
types Cowden, Darmstadt, Herrick, and Huey -- account for 84.3% of"F 
subwatershed number 1 and 82.1% of the remainder of the watershed as shown in h 
I 
8. Cowden series soils are deep, poorly drained, nearly level, dark 

4 
5 gray silt loams with low permeability and high available water capacity. 
t! 
h" 
B ~ ~ ~ m s t a d tseries soils are somewhat poorly drained, nearly level to sloping, 

$ 
e brownish gray silt loans with low to very low permeability and low available fk?? 
k! water capacity. Herrick series soils are deep, somewhat poorly drained, Z g
$g nearly level, very dark gray silt loams with moderately low permeability and 1 
# high available water capacity. Huey series soils are poorly drained, nearly 
level, gray silt loams and silty clay loams with very low permeability and 

moderate to low available water capacity. 

Table 8 also shows the ranges of resaturated hydraulic conductivity, K H ,  
for the top layer and for the underlying layers for each of these soils. From 
this information, 0.03 to 0,35 in/hr would be a reasonable range for KH 
b4 throughout the watershed. The final soil moisture fraction was again 

h!# 
@ assumed to be 1.0, but unfortunately no information regarding the value 
f, 
of the initial soil moisture fraction or the soil porosity is available. The 

& 
Il MULTSED model estimates infiltration using a rnodif ied Green-Arnpt approach (27) 
1g which combines porosity, average capillary suction, and initial and final 
y 
2 soil moisture fractions into a single sucti-on parameter, and so errors in 

t 
estimating porosity and initial soil moisture fraction may be compensated for 
1 
a 





 average capillary suction range is ~5 to *4O in. 
The storm event of September 17, 1982 was simulated. For the summer of 
1982 t h e  land use in subwatershed number 1 and the remainder of HSL-1 are 
shown in TaSle 9. By September 17 each of these crops were fully mature and 
University of ~l l inofsg*  
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s o  subwate rshed  number 1 h a s  42% ground cover  and 58% Canopy cover  and t h e  
remainder  of HSLil h a s  35% ground cover  and 65% canopy cover  f o r  t h i s  s torm 
e v e n t .  For t h e s e  t y p e s  of cover  t h e  r a n g e s  of p o t e n t i a l  i n t e r c e p t i o n  a r e  0.01 
t o  0 .05  i n .  f o r  ground cover  and 0.02 t o  0.06 i n .  f o r  canopy c o v e r .  F i n a l l y ,  
us ing  t h e  " r u l e  of thumb9' e s t a b l i s h e d  e a r l i e r ,  t h e  ranges f o r  ADW were 
e s t i m a t e d  t o  be 2400-5800 and 3400-7500 f o r  subwate rshed  number 1 and t h e  
remainder  o f  HSL-1, r e s p e c t i v e l y ,  
Tab le  8 
Highland S i l v e r  Lake Watershed: S o i l  Types and 
T h e i r  R e s a t u r a t e d  Hydrau l ic  C o n d u c t i v i t i e s  
Cowden 19.0 27 * 5  0.10-0.32 0.03-Oe10 

Darmstadt  24,O 27.4 0.03-0.10 < 0.10 

H e r r i c k  26,6 - 14.9 0,32-1 . O O  0.10-0.32 

Huey 1 4 , 7  12.3 0.10-0,32 0 ~ 0 3 - 0 . 1 0  

T a b l e  9 
Highland S i l v e r  Lake Watershed: 
Land Use i n  t h e  Summer of 1982 
Land Use sW? .. Remainder of HSL71 
Soybeans 58% 38% 
Wheat 41 % 28% 
-Corn 23% 
-F o r r e s t  4 %  
Miscel laneous  
Ground Cover 1 % 7% 
The c h a n n e l s  i n  HSLd a r e  l i n e d  w i t h  e a r t h  and f i n e  g r a v e l ,  h i g h l y  
v e g e t a t e d ,  and s u b j e c t e d  t o  a n  a p p r e c i a b l e  amount of o b s t r u c t i o n s  from r o c k s ,  
b r a n c h e s ,  e t c .  By comparing photographs  of s e v e r a l  channe l  c r o s s  s e c t i o n s  i n  
w 
HSL-I t o  t h e  photographs  i n  F i g .  5 .5  ( T y p i c a l  c h a n n e l s  showing d i f f e r e n t  n 
%d 	 values)of Chow's "Open Channel Hydrau l icsTv  ( 5 ) ,  i t  seems a r e a s o n a b l e  range g 
of n is 	between 0.07 and 0.15. 
. .  . 
5 
F 	 3.3 .2 Paramete r  T r a n s f e r  f o r  t h e  Storm Event  of  September 17, 1982 
C 
f on September 17,  1982, HSLzI was s u b j e c t e d  t o  1.40 i n .  of  r a i n f a l l  over a 
i 190 min. p e r i o d  as shown i n  t h e  hye tograph  i n  Fig .  5.  T h i s  s to rm produced t h e  :" 
i 
i hydrograph  shown i n  F i g .  5 ,  a t o t a l  runof f  volume of  145.25 a c r e i f t ,  
& 
(0.0456 i n ) ,  and a sediment  y i e l d  of 140,000 l b s  ( e s t i m a t e d  from sediment  
[ c o n c e n t r a t i o n  d a t a ) .  
4 

To t e s t  	t h e  pa ramete r  and i n f o r m a t i o n  t r a n s f e r a b i l i t y  p r o p e r t i e s  of 1 g 

[ 	 MULTSED, t h e  i n f i l t r a t i o n ,  i n t e r c e p t i o n ,  and roughness  pa ramete rs  were v a r i e d  
% 
!4@ within t h e  r a n g e s  determined from p h y s i c a l  c o n d i t i o n s  u n t i l  a  good r e p r o -  
duc t ion  of t h e  measured hydrograph was o b t a i n e d .  The p r e d i c t e d  hydrograph f o r  
p

ft: 	 t h i s  e v e n t  is compared t o  t h e  measured hydrograph i n  F i g .  5 ( t h e  p r e d i c t e d  
%i1 	 hydrograph h a s  been s h i f t e d  i n  t i m e  t o  pe rmi t  a b e t t e r  comparison) .  The h i g h  
q u a l i t y  of t h e  match between t h e  p r e d i c t e d  and measured hydrographs  is  
81 
& 	 evidenced by t h e  f a c t  t h a t  t h e  p r e d i c t e d  t o t a l  r u n o f f  volume is o n l y  0.31% 




P 	 l e s s  t h a n  t h e  measured peak d i s c h a r g e ,  
&#: The paramete r  v a l u e s  which l e a d '  t o  t h i s  e x c e l l e n t  p r e d i c t e d  hydrograph 3
!& 
a r e  d i s p l a y e d  i n  Tab le  10 .  Once a g a i n  t h e  u s e f u l n e s s  of t h e  h y d r o l o g i c  
p o r t i o n  of  MULTSED is demonstra ted by t h e  Pac t  t h a t  a l l  t h e  pa ramete rs  f i t  
wi th in  t h e i r  p h y s i c a l l y  de te rmined  r a n g e s  and t h a t  t h e  p o r o s i t y  d a t a  was 
t r a n s f e r r e d  from LCT 1 .  Fur the rmore ,  it is encourag ing  t o  s e e  t h a t  t h e  l l r u l e  
I 
3 	 of thumb" f o r  ADW provided a n  a c c e p t a b l e  v a l u e  f o r  t h i s  s to rm on HSL-1. As I1i 	 P r e v i o u s l y  ment ioned,  subwatershed number 1 is a l s o  a gaged watershed and s o  
g 
t h e  r o u g h n e s s  c o e f f i c i e n t s  n and ADW f o r  i t  were s e l e c t e d  t o  t r y  t o  produce a 
MEASURED
--- "BEST FIT" 
Figure 5 Comparison o f  Measured and Simul ated Hydrographs 
for  the September 17, 1982 Storm on HSL-1 
" " -" 
45 

f i t  of i t s  measured hydrograph  f o r  t h i s  s t o r m .  Hence,  t h e y  a r e  a 
t l y  o u t  of  t h e i r  e x p e c t e d  r a n g e s .  
T a b l e  40 
Pa ramete r  Va lues  f o r  Good R e p r o d u c t i o n  of 

September  1 7 ,  1982 Storm Event  on HSL-1 

KH ( i n . / h r )  
rl 
S I  
-9 ( i n . )  
VC ( i n . )  




0 ,45*  
0 .80  
i 0 . 0  
0 .03  
0 * 0 2  
7500 
0 .12  
0 .15  
(SF121 
(main  c h n l )  
For  t h e  p r e d i c t e d  s t o r m  e v e n t  o f  September 1 7 ,  1982 the maximum p o s s i b l e  
ove r l and  f l o w  sed imen t  t r a n s p o r t  c a p a c i t y  i s  454,000 l b s .  Thus ,  a n  i n t e l l i -
gen t  s e l e c t i o n  o f  t h e  r a i n d r o p  s p l a s h  de tachment  c o e f f i c i e n t ,  a l ,  w i l l  
r e p r o d u c e  t h e  measured s e d i m e n t  y i e l d .  HSL-1 is p r i m a r i l y  a n  a g r i c u l t u r a l  
* 
watershed a s  a r e  ISU-I and ISU-2, and  s o  ISU-I and ISU-2 s h o u l d  be  a good 
source  o f  t o  HSL-1. The August  15,  1977 s t o r m  on ISU-1a1 v a l u e s  f o r  t r a n s f e r  . . 
and ISU-2 p roduced  u n u s u a l l y  h i g h  de tachment  c o e f f i c i e n t s ,  w h i l e  t h e  A p r i l  1 9 ,  
1977 s t o r m  on  ISU-1 produced a n  u n u s u a l l y  h i g h  s e d i m e n t  y i e l d .  I f  t h e s e  
storms are  ignored  t h e  r a n g e  o f  r a i n d r o p  s p l a s h  de tachment  c o e f f i c i e n t s  f o r  
ISU-1 and  ISU-2 is 0.0007-0.0026 w i t h  a mean o f  0 .0013.  Using t h i s  mean v a l u e  
of a1 as a n  i n i t i a l  g u e s s  t h e  p r e d i c t e d  sed imen t  y i e l d  is 123,600 l b s  which is  
11.7% l e s s  t h a n  t h e  measured sed imen t  y i e l d .  I f  t h e  median a1 v a l u e  (0 .0017)  
is used  as a n  i n i t i a l  g u e s s  t h e  p r e d i c t e d  sed imen t  y i e l d  is 147 ,700  l b s  which 
is 5.5% g r e a t e r  t h a n  t h e  measured s e d i m e n t  y i e l d .  
Based on t h e  r e s u l t s  o b t a i n e d  h e r e ,  i f  c a r e f u l  c o n s i d e r a t i o n  is used i n  
c h o o s i n g  t h e  t r a n s f e r r e d  detachment  c o e f f i c i e n t  v a l u e s ,  r e a s o n a b l e  e s t i m a t e s  
of sed iment  y i e l d  may be o b t a i n e d  f o r  ungaged wate r sheds .  However, t h e r e  i s  a 
need f o r  more c a l i b r a t i o n  and v e r i f i c a t i o n  of detachment  c o e f f i c i e n t  t r a n s f e r -  
a b i l i t y .  N e v e r t h e l e s s ,  t h e  r e s u l t s  o b t a i n e d  h e r e  a r e  enough t o  i n s p i r e  
optimism i n  t h e  u s e f u l n e s s  of MULTSED. 
3.4 C a l i b r a t i o n  of  Larger  Watersheds  
I t  is i n e v i t a b l e  t h a t  i t  w i l l  be n e c e s s a r y  t o  s t u d y  w a t e r s h e d s  which a r e  
t o o  l a r g e  t o  a c c u r a t e l y  model a s  a s i n g l e  subwatershed u n i t ,  and hence t h e  
m u l t i p l e  subwate rshed  and p l a n e  modeling c a p a b i l i t i e s  o f  MULTSED must be 
used.  U n f o r t u n a t e l y ,  when a watershed is broken down i n t o  a  number of u n i t s  
formal  o p t i m i z a t i o n  of t h e  s i m u l a t e d  hydrograph u s i n g  t h e  GRG based progn , a n  i s  
no l o n g e r  p o s s i b l e ,  and one must r e s o r t  t o  i t e r a t i o n .  Hence, a good f i t  is 
i d e n t i f i e d  by i t e r a t i n g  on t h e  pa ramete r  v a l u e s  u n t i l  a r e a s o n a b l e  match is  
o b t a i n e d  between t h e  measured and s i m u l a t e d  hydrographs  i n  t e rms  of  peak 
d i s c h a r g e ,  t o t a l  r u n o f f  volume o r  b o t h ,  which a l s o  a l l o w s  t h e  p r o p e r  sediment  
y i e l d  t o  be  reproduced.  Such f i t s  c a n  be  q u i t e  good s u c h  a s  was found for t h e  
September 17, 1982 s to rm on HSL-1 ( F i g ..  5 ) ,  o r  a s  was found by Lee and 
Camacho (17)  f o r  t h e  March 18, 1983 s t o r m  on HSL-1 ( F i g .  6 ) .  
The i t e r a t i o n  p r o c e s s  r e q u i r e s  a "good f e e l M  f o r  b o t h  t h e  watershed 
hydrology and t h e  workings of  t h e  model t o  o b t a i n  a good f i t  w i t h i n  a reason? 
a b l e  number o f  i t e r a t i o n s .  However, when done c a r e f u l l y ,  e x c e l l e n t  r e s u l t s  as  
i n  F i g s .  5 and 6 may be o b t a i n e d .  From t h e  c o u r s e  o f  t h i s  work two u s e f u l  
g u i d e l i n e s  f o r  i t e r a t i o n  have been found:  
1 .  	 If subwate rsheds  w i t h i n  t h e  boundary of t h e  l a r g e r  watershed t o  be 
c a l i b r a t e d  a r e  a l s o  gaged ( s u c h  a s  F i e l d  S i t e  5 i n  HSL-I o r  I S U r l  and 
ISU-2 i n  t h e  Four Mile  Creek w a t e r s h e d ) ,  t h e s e  subwate rsheds  shou ld  be 
TIME, hours 
F i gu r e  6 .  	 Runoff and Sediment Hyd rog r a ph s f o r  the March 1 8 ,  1983 
s to rm on Highland S i l v e r  Lake Wate r shed ,  High land ,  I1 l i n o i s  
( f rom Lee and Camacho, 1 7 )  
f o r m a l l y  op t imized  a s  d e s c r i b e d  h e r e .  Then t h e  c a l i b r a t i o n  i n f o r m a t i o n  
s h o u l d  b e  t r a n s f e r r e d ,  where a p p r o p r i a t e ,  i n  modeling t h e  e n t i r e  
wa te r shed .  
2 	 When f o r m a l l y  c a l i b r a t i n g  t h e  s m a l l e r  wa te r sheds  i n  t h i s  r e p o r t  it was 
found t h a t  each  o f  t h e  p a r a m e t e r s  tended t o  c o n s i s t e n t l y  be  i n  a c e r t a i n  
p o r t i o n  of i t s  p h y s i c a l l y  r e a s o n a b l e  range.  These same t e n d e n c i e s  a l s o  
h e l d  f o r  HSL-1. Thus, by choos ing  KH from t h e  lower  p o r t i o n ;  ADW, n ,  VG, 
and VC from t h e  upper p o r t i o n ;  and -$ from t h e  midd le  of t h e i r  r e s p e c t i v e  
p h y s i c a l l y  r e a s o n a b l e  r a n g e s  a  good s t a r t i n g  p o i n t  f o r  i t e r a t i o n  is 
o b t a i n e d ,  
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I n  C h a p t e r s  2 and 3 a  hydrograph c a l i b r a t i o n  c o d e ,  which i n c o r p o r a t e s  t h e  
GRG a l g o r i t h m  w i t h  t h e  h y d r o l o g i c  p o r t i o n  of MULTSED f o r  a s i n g l e  subwatershed 
u n i t ,  h a s  been developed t o  minimize t h e  sum of s q u a r e s  d i f f e r e n c e  between t h e  
measured and s i m u l a t e d  hydrographs .  The pr imary a d v a n t a g e s  of t h i s  code are 
t h a t  GRG a l l o w s  e x p l i c i t  c o n s i d e r a t i o n  o f  bounds on t h e  p a r a m e t e r s  and s o  t h e  
-
c a l i b r a t i o n  is  comple te ly  o b j e c t i v e  and t h a t  GRG is  v e r y  e f f i c i e n t  ( L e a ,  v e r y  
q u i c k )  i n  l o c a t i n g  t h e  o p t i m a l  s o l u $ i o n .  The e f f i c i e n c y  of  t h i s  code h a s  been . .. 
demons t ra ted  by t h e  c a l i b r a t i o n  of  s e v e n t e e n  s to rm e v e n t s  on f i v e  s m a l l  
m i d e a s t e r n  wa te r sheds .  
A g e n e r a l  procedure  f o r  c a l i b r a t i n g  bo th  t h e  w a t e r  and sed iment  y i e l d  was 
a l s o  deve loped .  T h i s  p rocedure  is n o t  s t r i c t l y  o b j e c t i v e ,  b u t  r a t h e r  i t  
r e q u i r e s  a good d e a l  of judgement and common s e n s e  on t h e  p a r t  o f  t h e  u s e r .  
Due t o  t h e  n a t u r e  of t h e  MULTSED model, t h i s  p rocedure  g e n e r a l l y  converges  
q u i c k l y  ( i . e . ,  i n  about  2 i t e r a t i o n s )  t o  a  s o l u t i o n  w i t h  a good hydrograph fit 
and sed iment  t r a n s p o r t  c a p a c i t i e s  i n  e x c e s s  of t h e  measured sed iment  y i e l d .  
The q u a l i t y  of t h e  f i n a l  " b e s t  f i t n  hydrograph o b t a i n e d  by t h i s  p rocedure  has  
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found to be quite good and the calibrated parameter values for these 
,st fits" have been found to be quite consistent among similar watersheds. 
3 e high quality calibration results have allowed some important conclusions 
about the usefulness of MULTSED to be drawn, subject to the experience gained 
d 
i 
! The flexibility and parameter transferability characteristics of the j1 
ologic portion of MULTSED have been shown by the very favorable results of 
t h e  calibration of seventeen storm events on five small watersheds in the 
ideastern U.S. More importantly, the transferability of information on 

parameters important to MULTSED7s sediment yield prediction has been shown for 

a large mideastern watershed. Therefore, for any watershed, ranges for the 

parameters used in MULTSED may be determined from that watershed's physical 

conditions or by transferring information from similar watersheds. Thus, 

MULTSED can provide reasonable predictions of water and sediment yield from 

any storm by using sensitivity analysis over the parameter value ranges for 

the watershed being studied. This is very important for the evaluation of 

watershed management strategies-. 

Finally, it has also been shown that much more information on the proper 

values of the maximum overland flow resistance coefficient, ADW, and the rain 

drop splash detachment coefficient, al, is needed for the development of rules 

On how to determine their values based on physical conditions (e.g., relating 

a1 to land use and soil type, or relating ADW to ground cover percent and 

total overland flow resistance, Kg). Thus, calibration of more storm events 





4 RECOMMENDED CHANGES FOR MULTSED 
4 1 
As discussed earlier MULTSED is actually a combination of three 
programs: MSEDI which analytically determines the water and sediment yield 
from the plane and subwatershed units, MSED2 which reorganizes the output from 
MSED1 for use as input to MSED3, and MSED3 which numerically routes the water 
and sediment produced by the planes and subwatersheds through the channel 
system. In the course of examining these models for calibration use and in 
comparing the numerical and analytical routing schemes of MSED3 and MSEDI, 
respectively, five errors and/or inconsistencies were detected in the MULTSED 
programs. These errors are described briefly below and in complete detail in 
Appendix C ,  including the modifications necessary to correct the programs. 
All of these errors have been corrected in the MULTSED programs used in this 
report's calibration work, 
The errors are summarized as follows: 

I n  MSEDl , . the  channel sediment. transport capacity is calculated as a 

function of 0.667*wetted perimeter as opposed to simply as a function of 

the entire wetted perimeter. ,-The factor, which is not justified, of 0.66 

causes the transport capacity to be underpredicted. 

2 .  	 In the channel routing procedure in MSED3, the channel infiltration is 
incorrectly handled. The resulting error in flow increases with the 
number of channel reaches used in the routing. Since this number is 
fixed internally in the program, this error is not easily seen. 
3. 	 There is an inconsistency between MSEDl and MSED3 concerning the relation- 
ship used for computing the resistance factor as a function of particle 
size. MSED3 places stricter upper and lower limits on this factor than 
does MSED1. 
S E D l  and MSED3 a r e  i n c o n s i s t e n t  i n  t h e i r  u s e  of t h e  E i n s t e i n  e q u a t i o n  f o r  
suspended l o a d .  L i m i t a t i o n s  on t h e  E i n s t e i n  e q u a t i o n  a r e  a p p l i e d  i n  MSEDl 
8 i c h  a r e  d i f f e r e n t  from t h o s e  used i n  MSED3. 
3 n d e t e r m i n i n g  t h e  e f f e c t  of ground cover  on r a i n d r o p  s p l a s h  detachment 
I 

i MSEDl improper ly  de te rmines  t h e  amount of b a r e  s o i l ,  which l e a d s  t o  unders  1 r e d i c t i o n  of r a i n f a l l  detachment a t  low amounts o f  ground c o v e r  and 
Id: 
f o v e r ~ p r e d i c t i o na t  h i g h  amounts. i 
2 	 Recommended Improvements f o r  MULTSED 
I n  a d d i t i o n  t o  t h e  f i v e  c o r r e c t i o n s  t o  MULTSED d e s c r i b e d  i n  t h e  p rev ious  
n ,  t h r e e  improvements f o r  MULTSED have been i d e n t i f i e d .  The f i rs t  
improvement d e a l s  w i t h  t h e  numer ica l  wa te r  and sediment  r o u t i n g  i n  MSED3 and 
an ad jus tment  t o  improve t h e  q u a l i t y  o f  t h e  n u m e r i c a l l y  o b t a i n e d  r e s u l t s ,  The 
second and  t h i r d  improvements have t o  do  w i t h  t h e  e s t i m a t i o n  of t h e  over land  
and c h a n n e l  sed iment  t r a n s p o r t  c a p a c i t i e s .  These improvements make t h e  
t r a n s p o r t  c a p a c i t y  e s t i m a t e s  more t h e o r e t i c a l l y  and /or  p h y s i c a l l y  c o r r e c t ,  and 
most i m p o r t a n t ,  t h e s e  improvements w i l l  e l i m i n a t e  t h e  t r a n s p o r t  c a p a c i t y ' s  
-
dependence on t h e  s e l e c t i o n  of t h e  l a r g e s t  s i z e s  i n  t h e  sediment  s i z e  d i s t r i -  
but ion,  A l l  o f  t h e s e  improvements have been added t o  t h e  MULSED codes  used 
. --. 
f o r  t h i s  r e p o r t .  
4.2.1 Convergence o f  t h e  Numerical Rout ing 
. . 
9 
The q u a l i t y  of t h e  s o l u t i o n  o b t a i n e d  from a  n u m e r i c a l  r o u t i n g  t echn ique  
is a f u n c t i o n  o f  t h e  t ime inc rement ,  A t ,  t h e  number o f  r e a c h e s  t h e  channel  is 
! 
div ided  i n t o ,  NDX, and t h e  convergence p r o p e r t i e s  o f  t h e  numer ica l  method 
used. From a  mathemat ical  v i e w p o i n t ,  i t  would be  d e s i r a b l e  t o  s e t  A t  very 
t smal l  and NDX ve ry  l a r g e  and t h u s  minimize numer ica l  e r r o r  i n  t h e  s o l u t i o n  t o  i 
the  govern ing  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s .  However, computer t ime and 
s t o r a g e  r e q u i r e m e n t s  make t h i s  i m p r a c t i c a l  and s o  A t  and N D X  must be  chosen 
such t h a t  t h e  s o l u t i o n  w i l l  converge s u f f i c i e n t l y  c l o s e  t o  t h e  " t r u e "  s o l u t i o n  
w i t h o u t  h a v i n g  p r o h i b i t i v e  computer r e q u i r e m e n t s .  
The convergence o f  t h e  w a t e r  and sed iment  y i e l d  s o l u t i o n s  f o r  MSED3 will 
be examined f o r  a s i m p l e  example. ISUc2 was modeled a s  two p l a n e  u n i t s  by 
MSEDl and  t h e i r  r u n o f f  and sed iment  y i e l d  were r o u t e d  th rough  t h e  channel  
u s i n g  MSED3. The example s t o r m  was chosen  t o  be t h e  5kyear  r e t u r n  p e r i o d  
60-minute d u r a t i o n  s to rm o f  uniform i n t e n s i t y .  T h i s  s t o r m  was chosen because 
i t  r e p r e s e n t e d  a mid-range v a l u e  o f  wa te r  and sed iment  y i e l d  r e l a t i v e  t o  t h e  
o t h e r  s t o r m s  p r e v i o u s l y  examined ( 3 1 ) .  Tab le  11 shows a ' c o m p a r i s o n  o f  ~ e s u l t s  
f o r  t h e  1%  ground cover  c a s e  w i t h  v a r i o u s  NDX and A t  v a l u e s ,  T a b l e  12 
shows t h e  same comparison f o r  99% ground cover  c a s e ,  
T a b l e  1 1  

Numerical Rout ing of  t h e  Runoff from t h e  Example 

Storm on t h e  ISUr2 Watershed wi th  1 %  Ground Cover 

A t  = 3.0 min 	 A t  = 0 , 5  min 
NDX 	 T o t a l  Sediment T o t a l  Sediment 
Runoff Yie ld  Runoff Y i e l d  
( i n , )  ( I b L  ( i n ,  > ( l b s )  , 
The t o t a l  runof f  converges  t o  i ts  asympto t ic  v a l u e  q u i t e  q u i c k l y  wi th  
r e s p e c t  t o  t h e  number of r e a c h e s  ( N D X )  wi th  on ly  1 %  d i f f e r e n c e  between 
the  v a l u e s  f o r  NDX = 3 and NDX = 30. T h i s  r a p i d  convergence r e l a t i v e  t o  t h e  
number of r e a c h e s  was expec ted .  When deve lop ing  t h e  numer ica l  r o u t i n g  scheme 
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Tab l e  12 
Numerica l  Rou t i ng  o f  t h e  Runo f f , f r om  t h e  
Example Storm on t h e  ISU-2 Watershed w i t h  99% Ground Cover 
i 
f NBX T o t a l  Sed imen t  T o t a l  Sed imen t  
I 
i Wunof f' Y i e l d  Runoff Y i e l d  
f
1 
L i  e t  a l .  ( 1 8 )  n o t e d  t h e  convergence  of  t h e  nume r i c a l  scheme is e n s u r e d  bh t  
1 t he  a c c u r a c y  of  s imu l a t i o n  i s  dependen t  on t h e  v a l u e s  of  A t  and Ax ( channe l  
length/NDX), e s p e c i a l l y  t h e  v a l u e  of  A t .  Gene r a l l y  L i  e t  a l .  found  t h e  
numer ica l  scheme was r e l a t i v e l y  i n s e n s i t i v e  i n  r e g a r d  t o  Ax g i v e n  A t  is i n  a 
r e a s o n ab l e  r a n g e  and r e s u l t s  o b t a i n e d  h e r e  con f i rm  t h i s .  Tab l e  1 1  d i s p l a y s  
r e s u l t s  f o r  s i m u l a t i o n  w i t h  Atgso f  3 min and 0 . 5  min and  Tab l e  12  t h o s e  f o r  
At's of  3 min and 1 min. From t h i s  i t  c a n  b e  s e e n  t h a t  t h e  t o t a l  r uno f f  
.. ... 
p r e d i c t i o n s  a r e  q u i t e  i n s e n s i t i v e  t o  bo t h  A t  and Ax. Thus ,  i f  A t  i s  chosen a s  
Note: The s ed imen t  y i e l d  d e c r e a s e s  wi th  NDX i n  T ab l e  1 1  b e cau s e ,  f o r  t h e  1 %  
6i 
ground c o v e r  c a s e ,  model ing  o f  t h e  suspended s ed imen t  s e t t l i n g  p r o c e s s  u s i ng  
MSED3 i s  imp o r t a n t ,  and  t h e  amount o f  d e p o s i t i o n  i n  t h e  s e t t l i n g  p r o c e s s  
i n c r e a s e s  a s ymp t o t i c a l l y  w i t h  t h e  number o f  r e a c h e s .  The s ed imen t  y i e l d  
i n c r e a s e s  w i t h  NDX  i n  Tab l e  12 because  f o r  t h e  99% g round  cover  c a s e ,  model ing  
of' c h a nn e l  bed  a rmor ing  u s i n g  MSED3 is impo r t an t .  Fu r t h e rmo re ,  a s  t h e  number 
of r e a c h e s  i n c r e a s e s  t h e  p e r c e n t a g e  o f  t h e  channe l  l e n g t h  s u b j e c t  t o  a rmor ing  
d e c r e a s e s  a n d ,  hence ,  t h e  sed imen t  y i e l d  i n c r e a s e s .  
a  r e a s onab l e  f r a c t i o n  o f  t h e  s t o rm  d u r a t i o n  ( t h i s  v a l u e  must be l e s s  t h an  
t h e  wa t e r s h ed ' s  t ime o f  c o n c e n t r a t i o n ) ,  t h e  h yd r o l og i c  s imu l a t i o n  accuracy  
shou ld  be  q u i t e  good. 
A s  d i s c u s s ed  above t h e  numer ica l  f l ow  r o u t i n g  conve rge s  r a t h e r  qu i ck ly  
t o  t h e  a symp to t i c  v a l u e  and is r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  s e l e c t i o n  of A t  
and NDX p rov ided  t h a t  A t  i s  chosen a s  a  r e a sonab l e  f r a c t i o n  of  t h e  s torm 
du r a t i o n .  Un fo r t una t e l y ,  t h e s e  same convergence c h a r a c t e r i s t i c s  do no t  ho ld  
t r u e  f o r  t h e  sediment  r o u t i n g .  Thus,  t h e  accuracy  of' t h e  sed iment  r o u t i n g  i s  
dependent  on t h e  s e l e c t i o n  MDX and A t .  
By obse rv ing  Tab l e s  11 and 12 ,  it can  be  s een  f o r  any g i v en  A t  t h e  
channe l  must be  broken i n t o  between 10 and 15 r e a ch e s  b e f o r e  t h e  sediment  
y i e l d  is w i t h i n  10% of t h e  a symp to t i c  v a l u e  (assumed t o  be t h a t  f o r  NDX = 
30 ) .  On t h e  o t h e r  hand,  f o r  wa t e r  y i e l d ,  3 r e a ch e s  produced a  r e s u l t  w i t h i n  
1%  of t h e  a symp to t i c  va lue .  S im i l a r l y ,  by comparing t h e  asympto t ic  va lue s  i t  
can  b e  seen t h a t  A t  = 3  rnin y i e l d s  a  7% g r e a t e r  sed iment  l o ad  t han  A t  = 0 .5  
rnin f o r  t h e  1% ground cover  c a s e  and A t  = 3 min y i e l d s  a 30% g r e a t e r  sediment  
l oad  t h an  A t  = I min f o r  t h e  99% ground cover  c a s e .  
I t  would p robab ly  n o t  be p r a c t i c a l  t o  make every  r un  o f  MSED3 with  A t  = 
0.5 s e c  and NDX = 30 i n  an  e f f o r t  t o  ' g e t  t h e  most a c c u r a t e  s o l u t i o n  po s s i b l e .  
I n s t e a d ,  a l e v e l  of s u f f i c i e n t  convergence must be chosen .  I t  is judged t h a t  
a s o l u t i o n  w i t h i n  10 p e r c en t  of t h e  " t r u ew  s o l u t i o n  ( i . e . ,  t h e  t r u e  s o l u t i o n  
t o  t h e  assumed governing d i f f e r e n t i a l  equa t i on  n o t  n e c e s s a r i l y  t h e  t r u e  
p hy s i c a l  s o l u t i o n )  f o r  sediment  t r a n s p o r t  problems would be q u i t e  a c c ep t a b l e  
f o r  d e c i s i o n  making. Fur thermore,  t h e  accuracy  o f  t h e  a v a i l a b l e  sediment d a t a  
is n o t  l i k e l y  t o  be b e t t e r  than  + I0  p e r c en t ,  and s o  a  s o l u t i o n  convergence 
w i t h i n  10 p e r c e n t  is c o n s i s t e n t  w i t h  t h e  q u a l i t y  of  t h e  d a t a .  
o r  each  of t h e  At's, t h e  s o l u t i o n  f o r  NDX e qu a l  t o  15 is w i t h i n  10 
cen t  of t h e  asympto t ic  va lue .  Fur thermore,  i f  t h e  a symp to t i c  va lue  f o r  t h e  
r A t  is viewed a s  t h e  most a c c u r a t e  s o l u t i o n  p o s s i b l e ,  t h e n  t h e  r e s u l t s  
1 soaut ion.  
iY\ Therefore, s e l e c t i o n  o f  NDX equal t o  15 f o r  s i n g l e  channe l  o r  smal l1
P 

number of c h anne l s  c a l i b r a t i o n  and s imu l a t i o n  shou ld  p rove  adequa te .  For .more  
complicated channe l  sys tems s t o r a g e  requ i rements  and computat ion t ime may 
fo rce  t h e  u s e  of l e s s  r e a ch e s ,  b u t  one shou ld  t r y  t o  keep NDX g r e a t e r  than  
f a r  a s  t h e  va lue  o f  A t  i s  concerned,  a  r e a s onab l e  f r a c t i o n  of t h e  
storm d u r a t i o n  shou ld  be used ,  which is l e s s  than t h e  wa t e r shed ' s  t ime  of 
concen t r a t i on .  
C u r r e n t l y ,  i n  MSED3 NDX ha s  been f i x e d  a t  5. Based on t h e  r e s u l t s  of  t h e  
examination o f  wa te r  and sediment  y i e l d  convergence d i s c u s s ed  above,  i t  would 
seem t h a t  more t han  5 r e aches  a r e  nece s sa ry  t o  o b t a i n  a good sed iment  y i e l d  
s o l u t i o n .  The r e f o r e ,  i t  i s  recommended t h a t  MSED3 be  modif ied t o  a l l ow  t h e  
user  t o  s p e c i f y  NDX t o  o b t a i n  a c c ep t a b l e  r o u t i n g  a ccu racy  based on t h e  
complexity of  t h e  channe l  system. 
2 2 T r an spo r t  Capac i ty  Dependence oh' Two La rge s t  P a r t i c l e  S i z e s  
Cu r r e n t l y  i n  MULTSED t h e  cho i ce  of  t h e  two l a r g e s t  s i z e s  from t h e  
sediment s i z e  d i s t r i b u t i o n  curve  i n f l u e n c e s - t h e  e s t ima t e d  sediment  t r a n s p o r t  
I 
c a p a c i t i e s  i n  two ways: i n  t h e  de t e rmina t i on  of t h e  e f f e c t i v e  s h e a r  s t r e s s  
a c t i ng  on t h e  p a r t i c l e s  and i n  t h e  de t e rmina t i on  of t h e  bed l a y e r  t h i c kn e s s  i n  
E i n s t e i n ' s  t o t a l  l o a d  equa t i on  ( 8 ) .  The f r a c t i o n  of t h e  t o t a l  amount of 
e r od i b l e  sed iment  r e p r e s en t e d  by t h e  geomet r ic  mean o f  t h e  two l a r g e s t  
s i z e s  may be q u i t e  sma l l ,  and l e t t i n g  i t  p l ay  such a n  impor t an t  r o l e  i n  t h e  
de t e rmina t i on  of t h e  sediment  t r a n s p o r t  c a p a c i t y  and hence t h e  p r e d i c t e d  
sediment yield is physically and theoretically erroneous. Furthermore, by 

arbitrarily choosing the upper cut off point for input of the sediment size 

distribution to MULTSED, the sediment yield results can be greatly affected, 

Adjustments must be made to remove this dependence on the choice of the two 

largest sizes in the sediment size distribution, 

4.2 .3  Einstein's Total Load Equation 
Currently in MULTSED the bed layer thickness, ar, is taken as two times 

the geometric mean of the two largest particle sizes. Hence, for the smaller 

particle sizes a, is much larger than its theoretical value and so the 

suspended sediment transport capacity is underestimated. In the following 

paragraphs a more reasonable estimate of a, based on Einstein's original 

derivation will be proposed. 

In Einstein's original derivation (8)of the total load equation molecu- 

lar forces between sediment particles were not introduced to the analysis, and 

thus according to Einstein the total load relationships are automatically 

restricted to the larger particles (in general to those coarser than 0.061 mm 

in diameter). Einstein developed this equation for alluvial streams, and for 

such streams this restriction had no serious implications because such streams 

. ... 
do not contain an appreciable percentage of particles below 0.061 mm in 

diameter. However, for modeling of small, predominantly silt-sand, watersheds 

a large percentage of the particles is finer than 0.061 mm in diameter. This 

leads to some problems when trying to apply Einstein's method. 

The primary problem comes in the definition of the thickness of the bed 
layer for the smaller sediment particles. If Einstein's suggestion that the 
thickness of the bed layer, a,, is equal to two times t h e  diameter of the 
sediment particle, Ds, is used for small sediment particles, the calculated 
suspended load becomes unrealistically large. In defining the bed layer 

thickness as 2Ds Einstein (8) states: 

"The flow layer at the bed in which the mixing length is so small that 

suspension becomes impossible has been found to be about 2 grain 

diameters thick. In reality, the region in which suspension degenerates 

is not sharply defined. There exists rather a gradual transition to the 

rest of the flow. It is feasible, nevertheless, to idealize the 

condition by introducing a sharp division between the bed layer and the 

bulk of the flow, as is customary in the case of the laminar sublayer." 

So, even though his 2Ds recommendation is based on some experimental evidence 

for particles larger than 0.061 mm in diameter there is still a bit of 

arbitrariness involved in this definition. Thus, it is proposed that the 

ickness of the bed layer be defined as 0.122 mm (0.0004 ft) for particles 





We know that 2Ds is a valid definition of the bed layer thickness for 

particles greater than 0.061 mm in diameter. Thus it is not correct to 

represent these particles by two times the largest particle size when we can 

easily conform to Einstein's original reasoning. The justification for 

allowing 0.122 mm to represent-the bed layer thickness for particles smaller 

than 	0A61 mm in diameter is: 

. .. 
1 .  	 This 0.122 mm value of bed layer thickness is approximately the lower 
bound for which Einstein's relations apply. Thus it provides the best 
approximation, which has some theoretical justification, of the bed layer 
thickness for finer sediment particles. 

Einstein states that, in general, finer particles tend to fill the 

voids between the larger particles, thus the movement of the finer 

particles is limited somewhat by the movement of the larger particles. 

Hence, a larger ar value may be justified. 

3. The v e r y  f i n e  s i l t  and c l a y  p a r t i c l e s  t end  t o  be  cohes ive  and  t o  bond 
t o g e t h e r  t o  form what is e q u i v a l e n t  t o  a l a r g e r  s i n g l e  p a r t i c l e .  
Based on t h i s  t h i r d  p o i n t  one might  t h i n k  t h a t  t h e  d i ame t e r  i n  t h e  f a l l  
v e l o c i t y  c a l c u l a t i o n s  would a l s o  need t o  be  a l t e r e d  i n  o r d e r  t o  be  c o n s i s t e n t  
wi th  the bed l a y e r  e s t ima t i o n .  Simons and Sen tu rk  (26 ,  p .  552)  p o i n t  o u t  t h a t  
l a b o r a t o r y  s t u d i e s  by s e v e r a l  i n v e s t i g a t o r s  i n d i c a t e d  t h a t  t h e  c on c en t r a t i o n  
d i s t r i b u t i o n s  f o r  d i f f e r e n t  s i z e s  of  sand  and even c l a y  f o l l ow  t h e  form of t h e  
suspended sediment  e qu a t i o n s  used  by E i n s t e i n .  Thus, no change i n  t h e  f a l l  
v e l o c i t y  c a l c u l a t i o n s  is advoca ted .  
Tab le  13 
Comparison of' T r a n spo r t  Capaci ty  E s t im a t e s  from 
t h e  Var ious  E i n s t e i n  Based Methods 
Sediment. - -
S i z e  F i n e r  P l ane  P l a n e  Plane P l a n e  P l ane  P lane  
TOTAL 533 1643. 54412. 156482, 2219,1 6752.1 

59 
he t r u e  t e s t  of any proposed method i s  how r e a s o n a b l y  it p r e d i c t s  t h e  
n t  t r a n s p o r t  c a p a c i t y .  Tab le  13 compares t h e  t r a n s p o r t  c a p a c i t i e s  f o r  
and r i g h t  p l a n e s  of LCT 1 f o r  a good f i t  ( n o t  t h e  o p t i m a l  f i t )  of t h e  
arm e v e n t  of  J u n e  29 ,  1983. From T a b l e  13 i t  is  c l e a r  t h a t  u s i n g  E i n s t e i n ' s  
proposed bed l a y e r  t h i c k n e s s  does  indeed  produce e x c e s s i v e l y  l a r g e  suspended 
1 
 ,dlment t r a n s p o r t  c a p a c i t i e s .  For t h e  sugges ted  E i n s t e i n  p rocedure  t h e  
f j 
 f i n e  p a r t i c l e  l o a d  is  much more r e a s o n a b l e ,  w i t h i n  a n  o r d e r  of  magnitude of 

t h e  c u r r e n t  MSEDl E i n s t e i n  r e l a t i o n s ,  and of t h e  measured sediment  y i e l d  f o r  
t h i s  e v e n t ,  3830 l b s .  
a d d i t i o n  t o  changing t h e  v a l u e  of  a, i n  MULTSED, t h e  c a l c u l a t i o n  of 
the exponent o f  t h e  suspended sed iment  d i s t r i b u t i o n ,  Z r p  f o r  E i n s t e i n ' s  t o t a l  
load e q u a t i o n  a l s o  shou ld  be modif ied.  Appendix D d e r i v e s  t h e  form of 
E i n s t e i n ' s  suspended l o a d  r e l a t i o n  used i n  MULTSED. From t h i s  d e r i v a t i o n  i t  
141 

can be s e e n  t h a t  t h e  v a l u e  of zr shou ld  be e s t i m a t e d  u s i n g  t h e  s h e a r  v e l o c i t y  
corresponding t o  t h e  f low r e s i s t a n c e  caused by t h e  i n d i v i d u a l  g r a i n s ,  u;. 
Cur ren t ly  i n  MULTSED z, is e s t i m a t e d  u s i n g  t h e  s h e a r  v e l o c i t y  cor responding  t o  
the  t o t a l  boundary r e s i s t a n c e .  'Thus,  zr is  c u r r e n t l y  be ing  underes t imated  
which l e a d s  t o  a n  over e s t i m a t i o n  of t h e  suspended s e d i m e n t ,  I n  MULTSED t h e  
. ... 
e f f e c t i v e  s h e a r  due t o  t h e  g r a i n  r e s i s t a n c e  is a l r e a d y  c a l c u l a t e d  f o r  use i n  
/ 
f the  Meyer-Peter,  Muller bed l o a d  e q u a t i o n  ( 2 0 ) .  Hence, it is a s i m p l e  t a s k  t o  
c a l c u l a t e  u; and determine z r  a s  recommended by E i n s t e i n .  T h i s  change was 
made f o r  b o t h  t h e  t r u e  and s u g g e s t e d  E i n s t e i n  c a s e s  shown i n  Tab le  13.  S i n c e  
t h i s  change l e a d s  t o  a  r e d u c t i o n  i n  t h e  e s t i m a t e d  sed iment  t r a n s p o r t  c a p a c i t y  
i t  is  recommended t h a t  it s h o u l d  o n l y  be made i f  t h e  a r  change is a l s o  adop ted  
(bo th  t h e s e  changes  were made i n  t h e  MULISED v e r s i o n  u s f d  i n  t h i s  r e p o r t ) .  
I n  summary, t h e  sugges ted  approach p r o v i d e s  s u f f i c i e n t  c a p a c i t y  t o  






va lues ,  and y e t  t h e  capaci ty  is  not  so l a r g e  t h a t  i t  is  unreasonable ( a s  a  
poin t  f o r  comparison, t h e  t r an spo r t  capac i ty  equat ion used i n  t h e  ANSWERS 
model ( 2 )  e s t ima t e s  a  t o t a l  capac i ty  of 15235 l b s  from t h e  two p lanes  f o r  t h i s  
s to rm) .  Furthermore, t h e  suggested approach is more i n  l i n e  with E in s t e i n ' s  
ideas  than  is t h e  cu r r en t  approach. 
4.2.4 E f f e c t i v e  Shear S t r e s s  
Another e f f e c t  of t h e  l a r g e s t  sediment s i z e s  i n  channel flow on the  
c a l cu l a t ed  sediment y i e l d i s  i n  t h e  c a l cu l a t i on  of t h e  e f f e c t i v e  shear  s t r e s s  
a c t i ng  on t h e  g r a i n s ,  T', which l e ad s  t o  sediment motion. The e f f e c t i v e  shear  
s t r e s s  is c a l cu l a t ed  a s  
- r q  = Y R S P  
where Y = t h e  s p e c i f i c  weight of water ,  
R = t h e  hydraul ic  r ad i u s ,  
S v  = t h e  energy s lope  a c t i n g  on t h e  gra ins .  
The energy s l ope  ac t ing  on t h e  g r a i n s  may be es t imated  from t he  Darcy- 
-
Weisbach equat ion  a s  
where f q = t h e  Weisbach r e s i s t a n c e  coe f f i c i en t  corresponding t o  the  gra in  
r e s i s t a n c eo  
V = t h e  mean flow v e l o c i t y ,  
g = t h e  a c ce l e r a t i on  due t o  g rav i ty .  
Hence, 
-c' = f'pV 2/8 ( 10 )  
where p = t he  dens i ty  of water.  
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C u r r e n t l y  i n  MULTSED t h e  Weisbach f q  is c a l c ul a t e d  a s  1 .5  t 
,rook-White t y p e  equa t i o n  f o r  f u l l y  t u r b u l e n t  f low 
e r e  Dsi = t h e  r e p r e s e n t a t i v e  d iamete r  f o r  p a r t i c l e s  i n  t h e  i t h  f r a c t i o n  of 
t h e  sediment  s i z e  d i s t r i b u t i o n .  
imons e t  a l .  ( 2 9 )  reasoned  t h a t  t h e  r e s i s t a n c e  a c t i n g  on a  s e l e c t e d  p a r t i c l e  
o  depends on t h e  s i z e  of t h e  p a r t i c l e s  su r rounding  i t ,  hence t h e  r e s i s t a n c e  
a c t o r ,  f ' ,  is n o t  a l lowed t o  f a l l  below h a l f  t h e  v a l u e  computed f o r  t h e  
l a r g e s t  s i z e s .  	 Thus,  depending on t h e  two l a r g e s t  s i z e s  chosen from t h e  
ediment s i z e  d i s t r i b u t i o n  c u r v e  ( e . g . ,  F ig .  7 )  t h e  v a l u e  of t h e  minimum 
. . 
r e s i s t a n c e  f a c t o r ,  fmin9may be a r t i f i c i a l l y  made l a r g e  o r  s m a l l  l e a d i n g .  t o  
a r t i f i c i a l l y  l a r g e  o r  smal l  c h a n n e l  t r a n s p o r t  c a p a c i t i e s  a s  shown i n  t h e  
" c u r r e n t  MULTSEDn column i n  Tab le  14.  The p e r c e n t  f i n e r  f o r  t h e  l a r g e s t  s i z e  
column i n  T a b l e  14 i n d i c a t e s  j u s t  how a r b i t r a r y  t h e  s e l e c t i o n  of t h e  l a r g e s t  
- Table  14 
E f f e c t  o f  t h e  Two L a r g e s t  Sediment S i z e s  on Sediment Yie ld  
t 
Geometric C u r r e n t  Suggested E i n s t e i n  

ze  from t h e  d i s t r i b u t i o n  c u r v e  ( F i g .  7 )  may b e 9  a n d  j u s t  how g r e a t  a n  
, f l u e n c e  t h i s  a r b i t r a r y  s e l e c t i o n  may have  on t h e  e s t i m a t e d  c h a n n e l  sed imen t  
a n s p o r t  c a p a c i t y ,  
A more r e a s o n a b l e  approach  would b e  t o  r e l a t e  f m i n  t o  t h e  e f f e c t i v e  
4 

1 roughness  h e i g h t ,  k s ,  of t h e  compos i t e  bed m a t e r i a l .  By d e f i n i n g  f m i n asj 
= 0.75/[1 .69 + 2 * l o g ( 2  * R / k s ) l  2 ( 1 2 )fmin 
( i . e . ,  one  h a l f  t h e  r e s i s t a n c e  f a c t o r  f o r  t h e  e f f e c t i v e  r o u g h n e s s  h e i g h t  f o r  
t h e  bed  m a t e r i a l ) ,  t h e  c a l c u l a t i o n  o f  t h e  e f f e c t i v e  s h e a r  s t r e s s  i s  no l o n g e r  
-I 
-














d e b a t e d  t o p i c .  E i n s t e i n  ( 8 )  r e p o r t e d  t h a t  c o m p a r a t i v e  f lume  e x p e r i m e n t s  have  r--
-
shown t h a t  t h e  r e p r e s e n t a t i v e  g r a i n  d i a m e t e r  o f  a  s e d i m e n t  m i x t u r e  i s  g i v e n  by 
t h a t  s i e v e  s i z e  o f  which 65 p e r c e n t  o f  t h e  m i x t u r e  ( b y  w e i g h t )  is f i n e r  ( i . e . ,  
D65) However, more r e c e n t  s t u d i e s  of  mixed sed imen t  s i z e  beds  f o r  b o t h  
-
l a b o r a t o r y  and  f i e l d  d a t a  i n d i c a t e  ks  t o  be  much l a r g e r  t h a n  D65. These  
s t u d i e s  h a v e  s o u g h t  t o  d e t e r m i n e  k s , a s  . ..a f u n c t i o n  o f  a r e p r e s e n t a t i v e  p a r t i c l e  
s i z e  f rom t h e  sed imen t  s i z e  d i s t r i b u t i o n  such  t h a t  t h e  v e l o c i t y  d i s t r i b u t i o n  
e q u a t i o n s  p r o p o s e d  by Keulegan ( 1 5 )  a r e  obeyed.  
where V = t h e  p o i n t  v e l o c i t y  a t  a  d i s t a n c e  y from t h e  boundary ,  P 
us= t h e  s h e a r  v e l o c i t y  o f  t h e  f l o w  ( =  JZ) 
f o r  f u l l y  t u r b u l e n t  f l o w  ove r  h y d r a u l i c a l l y  rough s u r f a c e s  ( i . e . ,  c l o s e l y  
packed s a n d  g r a i n s ) ,  o r  




R i j n  (23 )  examined 120 sets of flume (for both fixed and movable bed 
experiments) and field data with plane bed conditions. He chose to relate DgO 
to ks and plotted ks/DgO versus the particle mobility number r '  - T C A ~where 
TCR is the critical shear stress from Shield's diagram. He found that the 
scatter in the data is large and the influence of the particle mobility number 
cannot be detected, hence fixed bed information should be relevant to movable 
bed cases. He suggested an average value of ks = 3Dg0 could be used. Kamphius 
(14) examined 12  sets of flume data with fixed beds and found ks/Dgo to range 
between 1.5 and 2.5 with k, = 2Dg0 a reasonable approximation for use. 
ed a curve which related the representative 
particle size, Dn, to the value of C in 
-
If it is desired to maintain the form of' Eq. 14 ,  the deviation of C from 6.25 
can be accounted for within the logarithmic term. Doing this it was found 
that ks = 2.65Dg0 or 3.32D84 based on Burkham and Dawdyvs work. Finally, 
Hey (10) concluded that ks = 3.5D84 was a reasonable approximation based on 
his analysis of some of the same data used by Burkham and Dawdy (4) and of 
empirical Colebrook-White type flow resistance equations developed for various 
channel shapes. 
While this review of literature on relating the value of k, to a repre- 

sentative particle size is far from exhaustive, it does provide some insight 

into the nature of these relations. For the purpose of this report it was 

65 ' 
d t o  use ks = 3Dgo i n  the  ca lcu la t ion  of fm i n a  This choice was made 
iI 
3, 3Dg0 seemed t o  be a  reasonable compromise from among the r e l a t i on s  9 
ed. However, f u r t he r  research and l i t e r a t u r e  review is recommended in  
o determine a  t r ue  consensus a s  t o  the represen ta t ive  value of ks.  
y ,  i t  should be noted t h a t  based on experience gained i n  the  ca l ib ra t ion  
rformed f o r  t h i s  r epo r t ,  the  f i n a l  se lec t ion  of ks  a s  a  function of Dgo 
or  whatever should not g rea t ly  a f f e c t  the  v a l i d i t y  of these  ca l ib ra t ion  
s u l t s  unless ks is chosen t o  be s i gn i f i c an t l y  d i f f e r e n t  from 3Dgo. 
Table 1 4  d isplays  the  r e s u l t s  of using t h i s  de f i n i t i on  fmin  ("ks  = 3D9OU 
and the  correc ted  E ins te in  r e l a t i o n s  t o  c a l cu l a t e  the  channel dimentse  
ransport capacity f o r  a  good hydrologic f i t  of the June 29 ,  1983 storm on 
CT-I. In Table 1 4  i t  can be seen ( i n  the  "ks = Dmaxn column) t h a t  the  
suggested E ins te in  procedure helps  reduce some of the  v a r i a b i l i t y  due t o  
pa r t i c l e  s i z e  s e l e c t i on ,  but only when the  ks co r rec t ion  is  a l s o  incorporated 
does the  sediment y ie ld  become independent of the l a r g e s t  s i z e s .  I t  is c l e a r  
that  using the  changes recommended here the channel t r anspor t  capacity:  ( 1 )  
f: reasonable value.  
6 6 '  
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APPENDIX A 

Computer S u b r o u t i n e s  f o r  Formal Hydrograph C a l i b r a t i o n  

The f o l l o w i n g  pages  d i s p l a y  t h e  h y d r o l o g i c  p o r t i o n  o f  MSED1 c o n v e r t e d  
i n t o  	a s e r i e s  o f  s u b r o u t i n e s  and t h e  s u b r o u t i n e s  n e c e s s a r y  t o  i n t e r f a c e  t h e  
h y d r o l o g i c  p o r t i o n  of  MSEDl w i t h  G R G  f o r  fo rma l  h y d r o g r a p h  c a l i b r a t i o n .  The 
a l i b r a t i o n  may be performed i n  t h e  f o l l o w i n g  f a s h i o n  o n  t h e  CDC Cyber a t  t h e  
U n i v e r s i t y  o f  I l l i n o i s :  
l o  	 C o n v e r t  t h e  program t o  a  b i n a r y  c o d e :  
/ R . F T N , I = f i l e  name o f  program, e . g . ,  CALIB,B=chosen name 
f o r  t h e  b i n a r y  f i l e ,  e , g . ,  BCALIB,L=O 
/R,FTN,I=CALIB,B=BCALIB,L=O 

2. 	Get b i n a r y  form of  GRG 
/CET9BGRG/UN=3PML8R4 
3. 	 Run t h e  program 
/R. ( r e w i n d  a l l  f i l e s )  
-
/P,LOAD(BCALIB,BGRG);EXECUTE 
The program w i l l  t h e n  r e q u e s t  t h e  u s e r  t o  i n p u t  i n i t i a l  v a l u e s  f o r  e a c h  
of  t h e  s i x  p a r a m e t e r s  t o  be c a l i b r a t e d ,  i . e . ,  KH, -$, V G ,  V C ,  ADW, and  n ,  i n  
t h a t  o r d e r .  The program w i l l  a l s o  a s k  t h e  u s e r  t o  i n p u t  t h e  d e s i r e d  l e v e l  o f  
d e t a i l  on t h e  G R G  i t e r a t i o n s  w i t h  0  b e i n g  l i t t l e  d e t a i l  and 4 b e i n g  t h e  
g r e a t e s t  d e t a i l .  Such i n f o r m a t i o n  is  g e n e r a l l y  o f  l i t t l e  i m p o r t a n c e  f o r  
C a l i b r a t i o n  and  s o  t h e  0 l e v e l  s h o u l d  be  chosen.  F i g u r e  A . 1  d i s p l a y s  an  
example r u n  o f  t h e  c a l i b r a t i o n  program. 
The c a l i b r a t i o n  program r e q u i r e s  f o u r  d a t a  t a p e s  named TAPE51 , 
TAPE53, and TAPE54 t o  b e  i n  t h e  u s e r ' s  l o c a l  f i l e  s p a c e .  Examples of each  of  
t h e s e  d a t a  f i l e s  a r e  p r e s e n t e d  a f t e r  t h e  sample o u t p u t  i n  F i g .  A . 1 .  
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TAPE51: TAPE1 used i n  MSED1 with t h e  sediment r e l a t i o n  da t a ,  l i n e s  13 
and 1 4  ( 2 8 ) ,  removed. 
TAPE52: TAPE2 used i n  MSEDl only with the  t i t l e  i npu t  i n  the  f i r s t  8 l i n e s  a t  
10 cha r a c t e r s  per  l i n e  ins tead  of a l l  i n  t h e  f i r s t  l i n e .  
For both TAPE51 and TAPE52 a l l  i n t ege r  v a r i ab l e s  must be r i g h t  j u s t i f i e d .  
TAPE53: con ta ins  t h e  measured flow da t a  w i t h  l i n e  1 conta in ing  t h e  number 
of flow da t a  po in t s  ( i n t e g e r )  and t h e  magnitude of t h e  time s h i f t  ( r e a l )  i n  a 
f r e e  format.  The fol lowing l i n e s  of TAPE53 conta in  t h e  time from t he  begin- 
ning of  t h e  storm event and the  d ischarge  a t  t h a t  t ime,  r e spec t i v e l y ,  i n  
a 2F10.0 format.  
TAPE54: con ta ins  the  upper and lower bounds f o r  t h e  parameters.  Line 1 
con ta ins  t h e  number of parameters t o  be c a l i b r a t ed ,  i . e . ,  6 .  The following 
l i n e s  con ta in  t h e  lower and upper bounds, r e spec t i v e l y ,  f o r  KH, -$, VC, VG, 
ADW, and n  ( i n  t h i s  o rde r )  i n  a  2F20.10 format. 
F i n a l l y ,  i t  shou ld  be  noted t h a t  i n  order  t o  proper ly  perform the  
c a l i b r a t i o n  i t  was necessary t o  r e s c a l e  the  values of  -$ and ADW. When the 
reduced g r ad i en t  is ca l cu la t ed - sma l l  s t e p s  in  each parameter a r e  taken,  
however, when the  s c a l e  of a parameter is much g r e a t e r  than the  s c a l e s  f o r  t h e  
o t h e r s  i t s  v a r i a t i o n s  may seem t o  be r e l a t i v e l y  unimportant and hence i t  will 
s t a y  near  i ts  i n i t i a l  va lue  and not  be c a l i b r a t ed .  ADW is on t h e  order  of 1o4 
and -9 is on t h e  order of l o 1  while a l l  t h e  o the r s  a r e  on the  o rde r  of 10-I o r  
Hence by d iv id ing  ADW by 100,000 and -JI by 10 t h e i r  s c a l e s  a r e  on 
equiva lent  o r de r s  with the  o the r  parameters ,  and t h e  small  s t e p s  taken  by GRG 
w i l l  d e f i n e  r e a l i s t i c  g rad ien t s .  For s eve r a l  c a l i b r a t i o n  runs t h e  f i n a l  
va lues  of YJ I  and ADW var ied  g r e a t l y  from t h e i r  i n i t i a l  va lues ,  and s o  the 
chosen r e s c a l i ng  r a t i o s  have served t h e i r  purpose. 
F i g u r e  A .  l Sample Run  and R e s u l t s  o f  GRG b a s e d  Hyd rograph 
C a l i b r a t i o n  P rogram ( i nc l  udi ng example d a t a  f i  
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E52 Data File f o r  Use w i t h  the GRG Based Optimi za Program 
1:: 
Typical TAPE53 Da taF i l e  for  Use with the GRG Based Optimization Program 
Typical TAPE54 Data File for  Use with t h e  GRG Based Optimization Program 
-- 
7 
S u b r o u t i n e s  f o r  Combining MSEDl w 
SUEROUTINE INIT(TITLE.N,ME,MI,KXMN) 120) RETURN 

DIMENSION TITLE (8) 121) PID 

CCMMON/ZZZZST/NOBJ,NCNST.Ml.M2 122) SUBROUTINE MSED1 ( X . TIME ,HM)R%) 

UXIMON/DATA/DTIM'JR, ETIMTR,NPL,NWS, ISEC(75),ITYPE (75) ,IPRINT (75) 	 123) DIMENSION QDm (203) .TIME (203) .HYDROG(200) ,x(6) 
9 .m 	 124)
CCMMON/DELOW/NDATA,TIMED (2CO) , 125) mmoN/SOIL/WET K(2) ,POROS(2) .SAVE(2) .5W(2) .SI(2).W,ADW,C
CoMMoN/BOmD/x (20).xu(20) 1z6) CoMMON/DATA/DTIMTfl#FTI~.NPL.WS,ISEC(75) ,ITYPE (75). I P R I ~ ( ~ ~ )  
READ (52.68) (TITLE (I ) ,1=1,8) 127) 9 ,NJbF 

FORMAT (A10) lz8) CoMMON/CO~/mCOv(~) trnCOV(2) ,VG (2) ,VC (2) ,FIm (2) ,S L ~ S E(2)

PRINT 910, (TITLE (I) 	 1291 C 





132) W 59 I = 1.2 

133) WET #(I) = X(1) /60. 
134) SAVE (I) = X(2) '10. 
135) VC(1) = X.(3)
136) 59 VC(1) = X(4)
137) ADW = X(5) "1CCOCO. 

PaD(54,') ND 138) m = ~ ( 6 ) 

W 769 I = 1,ND 139) TUP = 0.0 

769 RYiD(54.770) =(I) ,XJ(I) 1m) TIN = 0.0 

770 FORMAT(IF20.10) 141) m m . 0  

W = " M I N "  	 142) 'IIIVOL=O.0 
PXINT *, "MIN" 	 143) TVIKIX = 0.0 
PRINT *."SUM OF SQUARES DIFF: I3.LCUTATED VS. OBSERVED FMWS" 144) TARE3 = 0.0 

PRINT ',"S.T." 145) W 101 1=1,200 

PRINT *,  XL(1) ,".LE.WT K.LE.", XU(1) 146) QDUM(1)d.O

PRINT * , XL (2) ," .LE. SAVE .LE .", XU (2) 	 147) 101 CONTINUE 
PRINT *,  ~ ~ ( 3 1  	 148) C,".LE.VCCOV.LE.", ~ ( 3 )  
) 
PRIhT * . XL (4) .".LE .VCCOV. LE.", XU (4) 1491 C 
) 






) z READ IN .PIETIME INCREMENT AM) 3WE FINAL TIME FOR lHE HYDROGRAPH 	 154) c .C --- WCULATE NUMBER OF INCREMENTS 
1561 C 





2 nraD -mNlmaa or P w s  (WL) iWD 'THE m a  OF s m u  W 109 Kl=l.NUMP 
42) C WTER-s (WS) DO 110 K2=1 ,NU4 








ENTIFY 'THE TYPE OF UNITS 	 T3=0. 
mi W 104 I = 1 . W  

51) 104 READ(52,1000) ISEG (I) .ITYPE (I) .IPRINT (I) 

52) C 171j c --- THIS IS THE ONE PLANE CASE. 

53) C R U D  ACTUAL IIYDROGRAPH D A W  172) C 

54) C 173) CAtL ANAWAT (ISEG(K1) .DTIM. FTIM.QDUM.T1,T2,T3,QT,NUM)

READ(53. & )  MJATA,TIMOW 174) CO M 109 
56) W 69 I = 1.NDATA 175) C 
READ (53, * )  TIMED (I) . F L OW  (I) 176) C - - - THIS IS THE SJEiI.u\TERSHED (2-PLANES ? 1 G-LWNEL) 
177)C - - - W E .  

59) 17ej c 

179) 12 CBLL ANAWAT(ISEC(K1) ,DTIM, FTIM,QOUM,Tl ,T2,T3,QT,NUM) 
180) 109 CONTINUE 
UILCLILAfi ?HE SUM OF SQUARES DIFFERENCE BETWEEN 181) W 69 I = 1.NW-l 
MEASURED AND SIMULATED HYDROGRAPHS 182) TIME (I) = DTIMbFLOAT(I)/60. 
SUBROUTINE O N E  (X, E) 183) 69 HYDRCC(1) = QDUM(1) 
DIMENSION X (20) ,TIME (200) ,HYDRCC (200) 184) PID 
CoMM0N/ZZZZST/NOBJ,NCNSTTM1,M2 185) SUEROUTINE ANAWAT(IFILE.DTIM.FTIM,QOUT,TVINTR,TAR~,TRVOL,QT.~) 





K = 1  PARAMETER DEFINITIONS 

SUMSQ = 0.0 IFILE = SUBUNIT NUMBER. ' 

W 969 I = 1,200 DTIM = TIME INCREMENT FOR HYDRCCRAPH. 

TP = TIME(1) + 0.5 FTIM = FINAL TIME OF HYDRCCiL9PH. 

IF (TP .LT. TIMED(K))CO TO 969 = ARRAY OF THE RESULTING DISCHARGES. 

DIEF = HYDROG (I) -ELOW (K) %?NTR = TOTAL VOLUME OF INTERCEPTION IN ETd'3. 

SUMSQ = SUMSQ + DIEEbDIEE TAREA = TOTAL AREA IN FT-2. 

K = K+1 lRVOL = TOTAL VOLUME OF RAINFALL IN FTe.3. 





NOBJ=NOBI+l 198j . DIMENSION EXCES (200) ,EXCEST (200) ,RAIN (200) ,OIJ'ITIME (200) ,RT (203) 

F=SUMSQ/TP 199) +QLT(203) .QLTIME (ZOO) .QL(203.2) ,QOUT(ZOO) 

RETURN COMMON/CovER/~coV(2) .uuJCOV (2) .VC(2) ,VC (2) ,FIMP (2) ,SL03SE(2) 

FNn COMMON/DEPTHN I2031 

SUEROUTINE CONST (X ,C) iozj (200) ,PAINT (200) ,NRAINTR, PLENG'M(3) ,
COMMON~ATA~)I~~.PAINOLD 
DI.M!WSION Y (20) .C (20 )  203) B SLOPE (3) . T . A l . B I . A . Z , A Z  
CoMMON/ZZZZST/NOBJ,NCNSTTM1.M2 204) COMMON/SOIL/WET K(2) .POROS (2). SAVE (2). SW (2). SI (2).XN,ADW,C 
20.5) C 
RETURN 	 ; & j C  --- INITIALIZE VARIABLES. 
END 

SUEROUTINE BOUNDS (S,XU) 

DiE-N- i20j , j20j 

~ON/BOUND/XLOW (20) ,XUP (20) 

DO 69 I =1,6 

=(I) = XLOW (I) ' 212) I W C K  = 0 

XU(1) = XUP (I) 213) ERR = 0.0 

RETURN 	 214) Q M . 0  

END 215) W 101 I=1.200 

SUBROUTINE GRAD(X,FGRAD.U=RAD) 216) QL(I.l)=O.O 

DI.ENSION X (20) ,EGRAD (20) ,CGRAD (20.20),CC (20) ,C (20) 217) QL(I.2)a.O 

CALL OBIF (X, F) 218) QOUT(1) = 0.0 

W 10 J=1, 7 	 219) QLT(1) = 0.0 
X (J)=X (J) + .10000E-03 220) QLTIME(1) = 0.0 

CALL OEJF (X.FE) 221) Y(I)*.O 

FCRAD (J) = (FF-E)/ .100COE-03 222) 101 CONTINUE 

X (J)=X (J)- .10303E-03 	 223) W 313 I=1,10 
RETURN 224) 313 CONTINUE 

END 225) NR=NRAINTR 

sUEROUTINE REPORT (X .F) 226) C 

DIMENSION X (20) ,TIME (203) ,HYDRCC (200) 227) C - - - C4LCULATE VISCOSITY AM) CORRECT HYDRAULIC CONDUCTIVIn 
COMMON/ZZZZST/NOBI, NCEIST, MI. M2 228) C --- FOR TEMPERATURE. 
CoMMON/oATA~TIMTR.FTI~,WL.NWS,ISEG(75) ,ITYPE (75) ,IPRINT( 229j c 
8 .NW@ 2 30) CALL TEMP(T.VISC0, IPLANE) 

PRINT *,NOW, " OBTECTIVE FUNCTION EVALUATIONS" 231) C 

NCNST=NCNST8 (M;+M2) 	 232) C - - - WCULATE TOTAL INCHES OF RAINFALL. 
PRINT '.NCNST, CONSTRAINT EVALUATIONSW 	 233) C 
CALL MSm1 (X TIME HYDRCC) 234) TRINCH=RAINOLD (1) W I P E  (1) 

NH = INT(ETI~/D+IKIR + 0.5) 2351 W 100 I=Z.NRAINIR 

W 69 I = 1,NH z36j TRINCH=UINOLD (I)WINT (I) -RAINT(I-1) ) +IRINM 

PRINT 70, TIME(1) ,HlDRCC(I) 237) 100 CONTINUE 

FORMAT(IF10.3) 238) C 

a r --- W F n l l n W T W .  I M P  P & l m m 8-C ?VC rvrrrr nr r . - r  
240) C --- PLANE AND ROLES THE EXCESS ON EACH PLANE. C 
c --- DEFINE 82. 82 IS USR) IN THE EQUATION PA2'AREA4*B2. 241) C 

242) W 102 I=1. IPLANE C --- FOR A CHANNEL WITH TRIANGULAR CROSS SECTION B2q.5 
243) C C 
244) C --- CALCULATE AREA OF PLANE (W). B2 = 0.5 
245) C Cc --- DEFINE A2. A2 IS USED IN THE EQUATION T=A2*AREA"*B2. 
246) AREA=PLENGTH (I) *PLENGTH(3) 

247) TAREA=-MEX+AREX C --- FOR A CHANNEL OF TRIANGULAR aOSS SECTION A2 IS 
248) C C 
249) C --- CaCNLATE EWNFW VOLUME. A2 = SQRT (2 ./SLOPE (1) +2 ./SLOPE (2) ) 
250) C 215 CONTIMJE 
251) IRVOG-TRVOL+AREA*TRINM/lt. CALL RESIST(C,XN.Al,Bl,A, B,SLOPE (3) ) 
252) C r 
253) C --- INITIALIZE RAIN ARRAY EQUAL TO RAINOLD ARRAY. 
254) C 
255) NRAIN=NR 
256) IX) 103 J=1, 
257) RAIN(J)=RAINOLD(J) 
258) RT (J) =RAIKT (J) 
259) 103 COPrTINUE 
260) DO 113 J=1,2OO' 
261) EXCEST (J) q . 0  
262) EXCES(J)4 . 0  
2631 113 CONTINUE 
26aj c 
2651 C --- CRLCLTLATE THE INTERCEPTION 
266j c 













273j WRITE (6.992) IFILE.I 

274) 992 :ORMAT (/" ,TRACE BACK INFORMATION",/."UNIT NUMBER=" 

2751 + 1=",12/." (NOTE: I=l MEANS LEFT PLANE. I=2 M~ANs": 













2821 10 CALL CUTOFF (ERR, EXCES,EXCEST.NEX,RAIN,RT.MV\IN, 

ze3j + P.ETIM) ' 





2861 C --- PRINT KNOW VARIABLES TO TRACE POSSIBLE ERROR. 
ze7j c 







291) C --- FOR THE CASE WHEN THE TOTAL RAINFALL IS COMPLETELY 
292) C --- INTERCEPTED AND/OR INFILTR4TED. 
293) C 
294) 50 IF (IPLANE.EQ.1) RETURN , 
295) ICHECK=ICHECK+l 
296) IF (ICHECK. EQ .2) RETURN 
297) W 104 I%l,200 
298) QL(IT.1)q.O 
iS9; if24 CO'NTINLIE 




302) C --- CONVERT UNITS OF EXCESS RAINFALL IN/MIN TO FT/SEC 
303)C --- AND UNITS OF TIME EROM MIN. TO SEC. 
3041 C 

msj 20 NNEX=NEX-1 

306) W 105 J=Z.NNEX 

EXCES (J) =(EXCES (J) * (1. -FIMP (I)) +RAIN (J-1) 'FIKP (I) ) /720. 
EXCEST (J) =EXCEST (J) '60. 
i09j 105 COKTINLiE -
310) EXCES ( E X )  =EKES ('fix) '(1. -PI'? (I) j 1720. 
3111 EXCEST (NEX) =EXCEST (NEX) '60. 3i2j  c . . 
313) C --- DEFINE B. B IS USED IN THE EQUATION PA'YqnB. 
314) C --- B=3.0 FOR 'IHE CASE OF OVERLAND FLOW. . 
315) C 

316\ 8=3 .o ..7 
3i;j c 
318) C --- DEFINE A. A IS USED IN THE EQUATION Q=A'YY"*B. 
319)C --- F O R O ~ F L O W A I S A R I N C T I O N O F T H E G R O U M ,  

















378)--- WL F~~(A,B,PLENGTH(I),EXCES,EXCEST,NEX,OVITIME,TS?OP,FTIE: 
~zsj +.(HECK) 

330) IF(1PLANE.EQ 2) GO TO 60 

331) CALL BACK(A.i ,PLENC~~~(I),DTIM, TSTOP, OUTTIME, EXCEST, EXCES, 
332) + QOUT.NEX,CHECK) 
333) Q M . 0  
334) W 201 JJ=Z.MM 
335) QT=QT+ (PUT (JJ) +pUT(JJ-1) ) /2. 
336) 201 CONTINUE 
,3371 QT=QTVLENGTti(3) *DTIM/43560. 
3385 - RETURN 
339) 60 W L  BACK(A, B.PLENGl'X(1) .DTIM, TSTOP ,OUTTIME, EXCEST. 






343) C --- TO ROUT THE CHANNEL CALL QLAT TO SUM THE LA= 
344)C --- INFLOWS. 
345) C 

346) NFIFIX (FTIMDTIM) 





349) IF(Al.NE 0 0) CO TO 215 

350)C --- ~~irk
81. 81 IS USED IN THE EQUATION UP=A~*AREA*~B~ 









355)C --- DEFINE Al. A1 IS USED IN THE EQUATION UP=Al*AREAV'B1 










- - - 
--- PARAMETER DEEINTIONS. 
T = TFmf3J.NRE IN DECREES F. 
VISCO = KINEYATIC VISCOSITX (ET4*2/SEC)
I p W  = NUMaER OF PLANES. 
ADW,C 

IE(TE(1).LT.T) CO TO 100 









--- ADJUST 7X-E HYDRAULIC 
FACZ=VISCO/l.09 

W 101 J=1.IPLANE 











* * * * * * * * 4 ~ * * * . * * * ~ . * * * b 4 * * * 4 4 t * * * b I ) 4 * * 4 t 4 * e 4 4 b 4 * 4 4 4 t 4 * 4 * * * * 4 4 4  
srrrYiOUTINE IMRCP (ERR.RAIN.RAINT,WIN,VINTII,  IPL) 
--- THIS SUEROUTINE DETERMIES THE VOLUME OF 
--- IN"i?ERCEFTEDRAINEALL . INTERCEPTION DEPENDS 
- - - ON THE PERCENTAGE OE THE GROUND THAT IS 
--- COVERED BY (WJCOV) AND C R O W  (CRNCOV). AND 
--- TXEIR RESPECTIVE WATES HOLDING CAPACITIES(VC,VG)
--- TOTAL IKTRCEPTED VOLUME = VINrR. 
--- PARAMETER DEEINITIONS. 
ERR = ERROR INDEX. 
RAIN = ARRAY OF RAINFALL INTEFISITIES. 
RAINT = ARRAY OF FINAL TIMES FOR FAM RAINFALL 
INTE?!SITf. 
MlAIN = MIMBs OF RAINFALL INTENSITIES. 
VINTR = TOTAL A!!OUNT OF RAINFALL INTEXCE2TED IN I::E 
IPL = INDICATOR OF k'HtM PLANE THE EXCESS IS 
BEING WCULATED. 
DIMENSION R OLD(200).RAIN(NRAIN),MINT(NRAIN).RTULD(ZOO) 
CXX+QN/COvER/CRNCOV(2) .CANCOV(2),VG(2),VC(2),FIMP(2),SL035E(2) 
- - - THE R OLD IS AN ARRAY WHICH TEMPORARILY STORES THE 
STORM INEPISITIES.OPERATIONS ARE WNE ON THE R OLD 
--- ARRAY TO OBTAIN AN ARRAY WHICH EQUALS 'LHZ TOTAL 
- - - RAINFALL MINUS 'IHE RAINFALL THAT IS MST BY
--- INTERCEPTION. 
:::i: --- INITIALIZER OLD ARRAY EQUAL TO RAIN ARRAY. 
46) DO 100 I=l.NIIAIN 
R 0LD(I)= RAIN(1) 
BTOLD (I)=P.J.INT (I) 
549) 100 COPSTINUE 
--- CALCULATE TOTAL INTERCEPTED VOLUME OF RAINEALL. 
VGC=GRNCOV(IPL)'VG (IPL)/loo. 





. .-WAIN = 0. 
--- TIE RAINEALL LOST TO INTERCEPTION IS SUBTRACTED
--- EROM THE TOTAL RAINFALL. 
DO 101 I=l,NRAIN 
IF(I.EQ.ij GO iG i i G  

VRAIN =VRAIN+R OLD(I)"NT (I) 

GO TO 11 

VRAIN = \RAIN+R OLD(1)'YAINT (1) 

IF (VRAIN.GT.VIrn) GO TO 12 

RAIN(1) = 0. 

CONTINUE: 
569) GC M 13 
570) 12 DRV = W I N - V I m  
571) DT=DRV/RAIN(I) 
572) IF(I.EQ.l) GO TO.14 
573) RAINT(I-l)=W.INT(I)-DT 
574j RE^ 
575) 14 RAIN(1) .O 
576) RAINT(1)=FJ.INT.(1)-DT 
577\ CO TO 15 
57ei c 
579)C --- PRINT WARNING IF TOTAL FAIMALL IS LESS TKAN 




sejj - 13 ERR=I.O 

583) WRITE(6 1000) VRAIN 

584) lcm E~pm~()/,"THE ENTIRE VOLUME OF RAINEALL".F10.3;, 

585) +"INQ.IES,",/,"HAS BEEN ASSORBED BY INTERCEPTION. ./) 













592) W 102 I=2,iGUIN 





595) 102 CONTINUE 













--- T i S  SUBROUTINE CALCULATES THE EXCESS RAIL,TALL ? 
--- IhFILTRATEil RAINEU BASED ON T l E  mEM-AM?T EQUATION. 
. 
--- 731s IS A COhTINUED INEILiXATICN MODEL ( I.E. IMIL5;IATION
--- CONTINUES AETEX THE END OF TIE RAINTALL). 
PAPXWTER DEFINITIONS. 

ERR = ERROR INDEX. 

EXCES = MARAY CONTIANINC EXCESS RAINFALL 
INTENSITY VALUES. 
EXCEST = ARRAY CONTIANING T& FINAL TIES FOR 
EACH EXCESS INTRVAL. 
E X  = NUMBER OF EXCESS IhTRVALS. 
RAIN = ARRAY OF RAINFALL INTENSITIES. 
PAINT = ARRAY OF FINAL TIMES EOR EACH RAINFALL 
INTENSITY. 
WAIN = NUMBER OF RAINFALL INTO1VALS. 
IPL = INDIC4TOR OF WHIM PLANE TI EXCESS 
IS BEING CALCULATED. 
FTIM = FINAL TIHE OF H'YDRNXAPH. 
L 
DIMENSION RAIN(NRAIN).RATNT(WIN),EXCES(2dQ).EXCEST(203) 




c --- INITIALIZE VARIABLES. 
C 
ITP* 
E01 = 0. 
E02 = 0. 
T = 0. 
ETIVX=FTIM/60. 
EXCES(1) = 0. 









c --- THE EOUOWING LCOP ITERATES EXCESS INCREKENTS 
L 
C --- CALNLATE THE RAINFALL TIME INTERVAL--DR.(. 
L 











c - - - CALCIJW\TE THE POTENTIAL INFILTRATED VOLUME. 
L 

DELF = DF(FO1,WETK(1PL) ,CAMMA, DTM) 
Cc --- COMPLTE THE POTENTIAL A W E  INFILTRATION RATE. 
C 




C --- 	 AND TXEA ~ G ECOPPARE THE RAINEALL r m s ~ n
c --- POTENTIAL 1-WILTFJ-TIONF-4TE. IF THE SAINFALL 
c --- INTENSITY IS rSRC4TEil 'MkY  THE IMILTRAION RATE 
c --- THEN C A L W T E  EXCESS. IF THE RAINEALL INTMSIW IS 
c - - - LESS THAN OR EQUAL TO TrIE INFILELATION RATE THEN 
c --- THE EXCESS IS ZERO. 
C 







































~CKXXJEORMAT(/,"CUTOEF FINDS NO RAINEALL EXCESS."./.

+ "NO ROUTiNG WILL BE ATTEXPTED. CO>ilXOLRErURNED TO ",/, 













EDLICIT APPROXIMATION FOR CREEN-AWT IMIL1TL9TION 
c - - - MODEL DETERMINES l l IE  POTENTIAL I M I L ~ T I O N  
c - - - VOLLNE DUXING TIME INCREMENT. 
PARAMETER DEFINITIONS. 
F = A C W T m  INEILTRATED VOLVME IN I N M S. 
= HYDRAULIC CONDUCTIVIn--..--
= AV. SUCTIONbPOROSI SATIIRATIOtI) 






SUBROUTINE INTECRA (TI, T2 .ANS, QIN. TIMEIN. N) 

--- SUEQOUTIE I~~ INTECPATES TRE EXCESS

---	 RAINEALL (OR INFLOW IN THE CASE OF A W E L )  
---	 HISTCCaAM BETWEEN AN INITIAL TIME (TI) .
---	 AND A FINAL TIME (T2). 
---	 PAEMMETER DEFINITIONS. 
T1 = INITIAL TIME OF (Y3RACTEXISTIC. 
T2 = EINAL TIME OF ~ C T E R I S T I C .  
ANS = ARFA BEWEN TI AND T2 OF IN A?J?AY. 
= ARRAY BEING INTEGRATED. 
% S I N  = ARRAY OF EINAL TIMES CORRESPONDING TO IKE 
QIN ARRAY. 

N = W E R  OF ELEMENTS IN QIN AND TIMEIN ARRAYS 
DIMENSION QIN (203) ,TIMEIN (200) 
---	 INITIALIZE DUMMY VARIABLE wma IS usm 

TO STORE INTERMEDIATE ANSWERS. 

CUM 4. 
---	 FIND INITIAL TIME INCREMENT. 




IE (TI .LT.TIMEIN(I)) CO TO 55 
103 CONTINUE 
55 INT=II 
- - - 	 FIND FINAL TIME INCRPiENT 
W 101 I=INT.N 











--- 	 FIND AREA INBEMEN INITIAL AM)FINAL 
---	 TIME INCRENENTS. 
40 CONTINUE 





CUM=CUM+ (TIMEIN (3) -TIMEIN (J-1) ) *QIN(J) 

IF(J.EQ.IEIN) CUM=CUMPRE+QIN(J) '(T2-TIMEIN(J-I)) 




--- COKRECT INTERMEDIATE ANSWER BY SUBTRACTING 

--- pIE AREAS WM SHOULD NOT BE INCLUD 














~IMENSIONQIN (200) ,TIMEIN(200) ,OUITIME (200) 

Do 10 K=1.200 







W 203 K=1, IIEINAL 

DX=O . 
W 	100 I=K,IFINAL 

DPTIMEIN (I+1) -TIMEIN(I) 

IF (QIN(I+l) .EQ.O.O) CO TO M 
IF (I .EQ. IFINAL) CO TO 80 
DEPTH=DEPTH+QIN (I+1) 'DT 
DX=(A/Q1N(I+l)) '(DEPTH*'B- (DEPTH-QIN(I+l) *DT) "8) 
X=XPRE 
DEPTH=DEPTH-QIN (1.1) 'DT 
IE(QIN(I+l) .EQ.O.O) CO TO 70 
DELT=(((D-X) *QIN(I+I)/A+DEPM"B) "(1.p) -DEPIFI)/QIN(~+~) 
OUITIME (K) =DELT+TIMEIN (I) 
IF (OUTTIME (K) .LT.FTIM) GO M 200  
R E W  
OUTTIME (K)=(D-X) /(A*P (DEPTH- ((8-1 .) ) ) +TIHEIN(I)






XMAX=X- (A4DE?TH**B) /QIN (I+1) 
FORMAT (3G2O. 10.215) 
PRINT 5CO.DEPTH. QIN(I+l) ,-3. 
IF(X3VX.LT.D) GO TO 300 
DELT;( ((D-X) *QIN(I+l) /A+DEPTHe6B) * *  (1./B) -DEPTH) /QIN(I+~) 
OUTTIME (K) =TIMEIN (I) +DELT 







IE(CHECK.EQ.O.O.AM).QIN(N) .LT.O.O) GO TO 200 

IF(DEPM.EQ.O.0) GO TO 199 

OUTTIME (K) =TIMEIN ( I E I ~ )  	
.) ) )+ (D-X)/ (AdBd (DEPTH* (B-1
IF (OUITIME (K) .LT. ETIM) GO TO 200 
TSTOP=ETIM 
RETURN 




IF(CHECK.EQ.1.0)GO TO 310 

















SUBROUTINE STOP (A. B.D.QIN.TIMEIN.N,OUTTIME.TSTOP,ETIM.K,IHECK 
DIMENSION QIN (200) .TIMEIN (200) .OUTTIME (200) 
FORMAT (3G2O. 10) 
IFINAL=N-1 
I W K - 1  
IF(K.GT.l) CO TO 200 
DEPTH=O.O. 
DO 100 1=2,IEINAL 
DEPTH=DEPTH+QIN (I) * (TIMEIN(1) -TIMEIN (1-1)) 
CONTINUE 
OUTTIME (1) =TIMEIN (IEINAL) -DEPTH/QIN (N) 
TSTOP=OU'ITIME (1) 
IF (OUTTIME (1) .GT. ETIM) TSTOP=FTIM 
RETURN 
CONT I I'm 
D T -  (TIMEIN (K) -TIMEIN (INT) ) /2. 
TIMEl=TIMEIN (IKT) + D m  
IIFINAL=IFINAL-1 




W 	400 I=INT,IIFINAL 
II=I 
IF(I.NE.INT) & TO 410 
DT=TIMEIN(K) -TIME1 

CO TO 420 
DPTIMEIN (I+1) -TIMEIN(I) 
IF(QIN(I+l) .EQ.O.O) CO TO 430 
DEPTH=DEPTH+OIN (I + 1) *DT 
DX= (A/QIN (I+1) ) * (DEPMWB- (DEPTH-QIN (I+1) *DT) "8)
X=X+D:: 

IE(X.GE.D) CO TO 435 

C O M 4 0 0  
DX=A'B'(DEPM1" (B-1.) ) 'DT 
X=X+DX 
IE(X.CE.D) CO TO 435 
COrnINUE 
IF(WCK.EQ.1.0) GO TO 435 
XMAX=X- (A'DEPTH**B) /PIN (N)
I€ (Xl4AX.LT.D) CO TO 440 
CON= (XMAX-D) /D 
IF(CON.LT.O.05)M TO 500 
DFDTT/2. 
TIMEl=TIMEl+DTT 
IF(WCK.EQ.O.0) GO M 300 . 
DEPTH=DEPTH-QIN (II+l) 'DT 
IF(QIN(II+l) .EQ.O.O) CO TO 438 
DELT=(( (D-X) "QIN (II+1)/A+DEPTH0*B) * *  (1.p) -DEPTH)/QIN (II+1) 
GO TO 439 
OWTIME (K) =(D-X) / (A'B4 (DEPTH'* (B-1. ) ) ) +TIMEIN(II) 
OUTTIME (K)=TIMEIN (11) +DELT 
IF (OUITIME (K) .LT.ETIM) CO M 300 
TSTOP=ETIM 




GO TO 300 

DELP ( ( (D-X) *QIN (N) /A+DEP?H4 'B) '* (1./B) -DEPTH) /QIN(N) 






IE (TSTOP .GT.ETIM) TSTOP=ETIH 
DO 6CO I=K.N 
DVMl=TIMEIN(I) 

















sUeROUTINE BACK (AL,BET,LEN.DTIM,TSTOP,TL,T,Q,QO 

THIS SUEROUTINE USES THE SUBDIVIDED SOLUTION DC) 
AS SUPLLIED BY SUP.QOUTINE FORWAPJ TO C4LtXLkTE 
TIME OE ORIGIN OF (~IARACTERISTICS CORRESPO~DING 
AN ARBITRARILY SELECTED T I E  ON THE WWNSTX%Y 
BOUNDARY. IN SHORT, BACK CALCWTES CXAW\CTERI 
IN TIEUPSiRF3.M DIRECTION. THIS ALLOWS THE D 
TO BE KNOW4 AT CONVENIENT TIME INTERVALS TFW 
FACILITATING TIE FORMATION OF THE LATERAL, INF 
THE OIAMJEL AND ALLOWING GREATER EASE IN INTER 





SUEROUTINE BACK PROCEEDS AS FOLLOWS: 





ON !lHE DOWNSTREAM BOUNDARY WITH RESPECT TO THE 
CHARATERISTICSsuPPLIm BY SUBROUTINE FORW. NEXT. 
'ME ROUTINE FORMULATES E (TO) AM) ITS FIRST TWO 
DERIVATIVES AS SHOW IN EQS 3-15 TO 3-17 IN THE 

M A T  REPORT TEXT. FINALLY, THIS RESULT IS ITERATED 

UNTIL A SUITABLY ACCURATE ESTIMATE OF THE TIME OE 







BET--- = B IN C=A*Yn*B. 

LEN = SLOPE-LMC~ (ET). 
DTIM = TIME INCXEMENT EOR HYDRCGRAPH (SEC) . 
FTIM = ENDING TIME OE HYDRCCRAPH (SEC) . 
'I'L = ARRAY OF FINAL TIMES FOR THE CHA?.ACTERISTIC 
LINES FOUND IN FORWARD SUBROUTINE (SEC). 
T = TIME ARRAY FOR INFLOW (SEC) . 
= INFLOW ARRAY (ET/SEC OR CESfFT) . 
&UT = OUTFLOW D I S W C E S  (CFS/FT OR GS) . 
= NUMB= OF INCREMENTS IN INFLOW. 
%TOP = TIME -U RUNOFF STOPS. 




ONE TIME INITIALIZATION OF LOOP PARAMETERS AM) TIMES. 

EPQ = l.E - S 

IF (CHECK.EQ.1.) EPQ = l.E - 5 * LEN 

NITER = 10 
TIME = o .  

B1 = BET - 1. 

82 = BET - 2. 
B3 = BET - 3. 
Y(1) = 0.0 
FORMAT (3C20.10,15) 
CALCIILATE CUMLaTIVE INFLOW ARRAY. 

M T  = Q(1) * T(1) 
NMQ(1) = TOT 
T E S M  .O 
W 100 I = 2.200 
TOT = TOT + Q(I) * (T(I) - T(I - 1)) 
CUMQ(1) = TOT 
CONTINUE 

THIS LOOP ITERATES FINAL TIMES EROM 0.0 TO ETIM. FOR 

EACH F I W  TIME AN INITIAL TIME (TEST) IS CALCULATED. 

PRE=TEST 
TIME = TIME + DTIM 
IF (TIME .GT.TSMP) GO TO 310 

TKlS SECTION IS USED TO CALCULATE THE DISCHARGE FOR 
ALI+ TIMES LESS THAN TL(1). FOR TESE TIMES IT IS NOT 
NECESSARY GO CALCULATE THE UPSTREAM TIME QF THE CHAFMClT3.1 
SINCE ALL OF W S E  CHARACTERISTICS BEGIN AT T=O. 
IF (TIME.GT.TL(1)) GO TO 130 

CALL INTECRA (0.0, TIME. DEPTH, Q, T, NQ) 

OOUT(J) = AL ' DEPTH * * BET
7 (J) '=, DEPTH 
GO TO 300 . .. 
FIND THE BOUNDS FOR THE CHARACTERISTIC LINE. 

IF 'ZHE L4ERAL INFLOW INTENSIn IS EQUAL TO ZERO, 

IT IS NECESSP3.Y TO SKIP I L P  TQ 'DE NEXT CHARACTERISTIC. 

THE FIRST GUESS OF THE TIME OF ORIGIN TO BE CALCULATm 
(TEST) IS THF AMRAGE OF THE TIME OE ORIGIN OF 
THE LOWER BOU?JDING CHARACTERISTIC. AND Ti SVALLER OF 
THE TIME ORIGIN OF !lHE UPPER BOUNDING WCTERISTIC , 
AND "TIME". 





IF (-RE .GT. TDN) TDN=TPRE 
IF (TUP.GT.TIME) TUP = TIME 

TEST = (mt + m)/2. 

MIS IS AN ANALYTICAL SOLUTION USING A MIRD ORDER 
NEkTON APPROXIILATION TO SOLVE FOR TrlE CKARACTERISTIC LINE 
W 281 31 = 1,NITER 
EF = - LEN/(AL BET) 
ETO = EE 
m T = TEST 
IF (M.EQ.0) CO TO 210 
Cl =Q(L2 + 1) T(L2 + 1) - Q(L2 * TEST 
Fro = E m  + (l./(Q(L2 + 1) ' BET) )+*l\Cl a BET) 
IF (Q(JJ) .NE.O.) CO TO 170 
C1 = - Q(L2 + 1) TEST + A 
CDT = T(JJ) - T(JJ - 1) 
E M  = FTO + CDT * (C1 * 81) 

FDTO=FDTO+ B1 * ( - Q(L2 + 1)) " a T  * ( ~ 1* 

1096) 
1097) GO M 180 
1098) 170 Cl = Q(JJ) * T (JJ) - Q(L2 + 1) * TEST + A 
1099) C2 = Q(JJ) ' T(JJ - 1; - Q(L2 +*I) * TEST + A 
1100) = fm + (l./(BET Q(JJ))) ((Cl * * BET) -
1101) +C2 * ' 
1102) + * BET)) 
---. 
~ 0 4 j  FDTO= R)M+ ( - Q(L~+ I)/Q(JJ)) * ((CI * * BI)
1105) +- (C2 





1112) 180 CONTINUE: 

1113) 190 A = - Q(L) * T(L - 1) + ClMQ(L - 1) - CLR.fQ(L2) + Q(L2

1114) + + 1)

1115) + * T(L2) 
1116) 

1117) IF (Q(L) .NE.O.) GO TO 200 

1118) C1 = A - Q(L2 + 1) ' TEST 
1119) CDT = TIME - T(L - 1) 
1120) E M  = FTO + CDT * (C1 * 81) 
1121) FDTO=FDTU + CDT ' BI ' ( - Q(L2 + 1)) * (C1 * * B; 
1122) FD2TO = ED2TO + CDT * B1 * 82 "(L2 + 1) Q(L2 + 1) 
1123) + *  (C1 
1124) + * * B3) 
1125) 

1126) GO TO 220 

1127) 200 C1 = Q(L) TIME - Q(L2 + 1) * TEST + A 
1128) C2 = Q(L) * T(L - 1) - Q(L2 + 1) ' TEST + A 





1134) EDTO = E'DTO + ( - Q(L2 + l)/(Q(L))) ' ((C1 * 81) -







1138) EDZTO = FD2TO + ((Q(L2 + 1) ' Q(L2 + l))/Q(L)) * B1 ' 

1139) +((C1 ' 
1141)

1142) GO TO 220 
L143) 210 . TEST = TIMZ - ( (LEN/(AL * (Q(L) * .Bl)) ) * * (1./BE 
1144) +T))




1147) C TEST FOR CONVERGENCE. IF TEST IS SUCCESSFUL, THE 
1148) C ITERATIONS ARE COMPLETE. !DIE P R C W  THEN PROCEEDS TO 
1149) C THE NEXT TIME INCREMEKT. IE NOT, THE PROGRAM USES 
1150) C THE SOLUTION TO TRUNCATED TAYL0R)S SERIES TO CALCULATE 
1151) C A NEW ?RAIL VALUE OE TEST. 
1152) C 
1153). 220 IF (ABS (FTO/FF) .LE.EP) GO TO 290 
1154) B = (2. * EDTO/FDZTO) - (2. * TEST) ' 
1155) C = (2./mZM) '(FTO - EDM " TEST + 0.5 * TEST * TE: 

1156) +T ED 





1159) D = B ' B - 4 . * C  

1160) IF (D.LT.0.) GO TO 230 

1161) DTEST = 0.5 * SQRT (D) 

1162) GO TO 240 

THE NEW ESTIMATE OF TEST MUST FALL INSIDE THE REGION 
OF THE SOLUTION WMAIN BOUNDED BY THE CHARACTERISTICS 
SELECTED ABOVE. IF IT W E S  NOT, THEN AN ESTIMATE MUST 
BE REPICKED INSIDE THAT REGION. THIS PROCEDURE MAY 
RESULT IN TEE REJECTION OF THE ESTIMATE PROVIDED BY 
THE NEWTON)S - a T H O D .  MD  T IWSTITUTiti'f OF A Wui 
NEW AVERACE VALUE AS ?HE NEW GUESS OF TEST. 
TEST = TEST - E M m T O  
IF (TEST.LT.TUP.AM).TEST.GE.TDN)GO TO 280 
GO TO 250 
DTEST = 0.5 (SQRT(B * B - 4.  * C))
IF (ABS (FTO/FF) .LE .EP) GO TO 290 
TEST = 0.5 ' ( - B) - DTEST 
IF (TEST.LT.TUP.AND.TEST.GT.TDN)GO TO 241 
TEST = 0.5 + DTEST 
IF (TEST.LT.&:$~.TEST.CE.~) VJ m 280 
TEST = T W T  
GO TO 230 

IF (TEST.GE.TUP) M TO 270 

TEST = (TLAST + TDN) /2. 

CO TO 280 







THE VALUES OE DEPTH (C 

1200) C AND DISCHARGE ARE NOW CALCULATED. A TEST IS MADE TO DETERT. 
1201) C IF THE DISCHARGE IS NEGLIGIBLY S  W  OR IF THE PRESELECTEC 

1202) C DURATION OF THE HYDRCGUPH HAS BEEN EXCEEDED. IF SO lHE 





laosj 290 CONTIW 

12C6) CALL IKITCRA (TEST. T I E  .DEPTH. Q.T, NQ) 

1207) @VT(J) = AL DEPTH ' * BET 
1208) Y(J) = DEPTH 
1209) NP = NQ 
1210) IF (CKECK.GT.0.) NP = NQ + 1 
1211) IF (TIME.CE.T(NQ - 1).AM).QOUT(J) .LE.EPQ) M TO 310 
1212) XX) CC?JTIh'UE 





LA L L , , 

1218) C 9 4 * 6 6 * 4 4 6 * 8 ~ 4 4 8 4 4 8 4 d 1 1 1 ) 4 4 ~ ~ b d B ~ B 4 ~ 4 d S i l d * r l O U @ ~ ~ 4 * * U 4 ~ d ~ 4 0 ~ ~ ~ ~ 4 4 ~ ~  
1219) C 
1220) C 
1221) SLTBROUTINE IMIX (TIME. L, NQ, T) 
1222) C 
1223) C --- =IS SUBROUTINE LOCATES WHIM INFLOW TIME INCRDENT (L) 
1224) C ---
.





1226) C --- PA3A!-ETE. EEFINITIC?JS. 
1227) C TIME = TIME OF INTEREST. 

1228) C L = INDEX OF T ARRAY CONTIANING THE " TIME". 

1229) C = NUMEEX OF INELOW TIME INCREMENTS. 

















1246) SJEElOUTINE QLAT (QL, QLT, QLTIME .DTIM.KF) 
1247) C 
--- THIS SUBROUTINE USED ONLY IN THE 2 PLANES AND
--- 1 CHANNEL W E .  IT TOTALS THE LATERAL I M L W  
--- 1N-m THE CHANNE-L. 
--- PARAMETER DEFINITIONS. 
QL = WUFLE DIMENSION ARRaY CONTAINING THE 
OUTFLOWS FROM EAM CHANNEL. 
= ARRAY OF THE TOTAL LATERAL INFLOW. 
gkktE = ARRAY OF THE TIMES FOR THE TOTAL L A m  
INTLOW (QLT ARRAY) . 
DTIM = TIME INCrZEMENT USED (SEC) . 

M = NUMBER OF EL-S IN TIME ARRAY. 

DIMENSION pL (2CO. 2) ,QLT (200) .QLTIME (ZOO) 
--- CALUCULATE THE TOTAL AVERAGE INELOW OVER A GIVEN TIME 
--- PERIOD. 
QLT.(l) =O .O 





W 105 I=2,MF 

QLTjlj=[QLji,ij+QL(I,2j+QLii-i.ij+QLji-l,2jj 2 .  








QLT (MF) =O.O . .-







SUBROUTINE RESIST (C.)(N,Al,Bl,ALP. BET. SLP) 

--- PIIS SUBROUTINE CALCULATES THE PARAMETERS A AND

--- B IN THE EQUATION Q=AIAREAb'B. 

--- FOR A CHAh'NEL A IS A FUNCTION OF THE CHANNEL GEOMETRY (Al) .

--- CHANNEL SLOPE (SLOPE(3)). AND THE FLOW RESISTANCE (EXPRESSE. 

--- AS E I m  MANNING'S N OR CKEZY'S C). 

--- THIS 'ISFOR 'IHE MANNINCS RESISTANCE. 
1293) C 
1294) BEP(5.-2.'E1)/3. 
1295) ALP=((SLP'2.21)/(XN4XN4AA1'" (4./3.))) ' " 5  
1296) RETURN 
1297) C 
1298) C --- 'IRIS IS FOR THE C30ZY RESISTANCE. 
1299) C 
102 B E P  (3.-Bl) 12. 
ALP=(SLP *CbC/A1) * *  .5 
13Q2) RETURN 
1x3) END 
APPEIGDIX H 8  







F i g u r e  B . I  	 Comparison o f  Measured and  S i m u l a t e d  
Hydrographs f o r  t h e  Storm E v e n t  o f  
J u l y  2 1 ,  1982 on LCT 1 .  (No te :  Measured 
Sed imen t  Y i e l d  = 2190 l b s )  
MEASURED 
----=a "BEST FIT" 
-MEASURED 

--- "BEST FIT" 

Figure B - 3  	Comparison of Measured and Simul ated Hydrographs 
for  the Storm Event of June 29, 1983 on LCT 1. 
(Note: Measured Sediment Yield = 3930 lbs) 
-MEASURED 

Figure 8.4 Comparison of Measured and Simui ated Hydrographs 
for  the F i r s t  Storm Event of July  30, 1983 on LCTIP.  
(Note: Measured Sediment Yield = 13960 ibs)  
Figure 6 . 5  	 Comparison of Measured and Simulated Hydrographs 
for  the Second Storm Event of J u l y  30, 1983 on LCT1P. 
(Note: Measured Sediment Yield = 9970 lbs) 
MEASURED 
I t - - - - - , - I 1  
--==== B t S i  Pli l 
- MEASURED 

--- "BEST FIT" 

Figure B . 7  	 Comparison of Measured and Simulated Hydrographs 
for,. the Storm Event of September 18, 1983 on LCTIP. 
(Note: Measured Sediment Yield = 8510 lbs)  
--------- MEASURED 
-"-.-a- "BEST FIT" 
TIME (min) 
Fi gure 8.8 Comparison of Measured and Simul ated Hydrographs 
for  the Storm Event of May 25 ,  1984 on LCT1P2. 
(Note: Measured Sediment Yield = 500 lbs )  
____I___ MEASURED 
--- "BEST FIT" 
Figure 9 . 9  	 Comparison of Measured and Simul a ted  Hydrographs 
f o r  the  Storm Event of June 6 ,  1984 on LCT1P2. 
(Note: Measured Sediment Yield = 180 l b s )  
_I.__ MEASURED 
.__.-- "BEST FIT" 
Figure B . I 0  	 Comparison o f  Measured and Simulated Hydrographs 
for the Storm Event of October 31 , 1984 on LCT1P2 .  
(Note: Measured Sediment Yield = 35 lbs) 
__I_____. MEASURED 
-_BI- "BEST FIT" 
Fi gu re  B .1 1 	 comparison of  Measured and Simul a t e d  Hydrographs 
f o r  t h e  Storm Event of  April  1 9 ,  1977 on ISU-1. 
(Note:  Measured Sediment Yield = 33120 l b s )  

_______I_ MEASURED 
--___. "BEST FIT" 
Figure 8.13 	 Comparison o f  Measured and Simul ated Hydrographs 
f o r  the  Storm Event of May 2 7 ,  1973 on ISU-1. 
(Note: Measured Sediment Yield = 2280 l b s )  
---- MEASURED 
--I_ 
 "BEST FIT" 
F i  gure 8 . 1 4  	 Comparison of Measured and Simulated Hydrographs 
for  the Storm Event of August 75 ,  1977 on ISU-2. 
(Note: Measured Sed>iment Yield = 3490 lbs)  
U n i v s r s i t ; ~sf I l l fnolEf  
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MEASURED 
--- "BEST FIT" 
MEASURED 
.iiiEl-- "BEST FIT" 
Figure 8.16 	 Comparison of Measured and Simulated Hydrographs 
for  the Storm Event of May 2 7 ,  1978 on ISU-2. 
(Note: Measured Sediment Yield = 25000 l b s )  
MEASURED 
--- "BEST FIT" 
Figure B . 17  	 Comparison of Measured and Simulated Hydrographs 
for  the Storm Event of May 31, 1978 on ISU-2. 
(Note: Measured Sediment Yield = 1940 lbs)  
APPENDIX C 

Erro r s  i n  MULTSED Codes 

Th i s  appendix con ta ins  d e t a i l e d  d e s c r i p t i o n s  of f i v e  e r r o r s  present  i n  
e x i s t i n g  MULTSED codes (d iscussed  b r l e r l y  111 I . L ~ C L ~ ~ , ' ; ~  =, -"- - w w y -
necessary t o  c o r r e c t  them. 
The l i n e  numbers r e f e r r e d  t o  below a r e  assigned t o  each l i n e  of t he  
program ( inc lud ing  comment s t a t emen t s )  by the  I C E  t e x t  e d i t o r .  Thus, the  l i n e  
numbers a r e  r e l a t i v e  t o  t h e  beginning of t h e  program n o t  t h e  beginning of any 
of the  subrout ines .  
Error  1 
I n  t h e  a n a l y t i c a l  model, MSEDI, t he  channel sediment t r a n s p o r t  capaci ty 
was es t imated  a s  
Line 1174  SEDQ(ISED)=(I+SUSP)*SEDQ(ISED)*WPER~.~~~~PS 
where SEDQ(1SED) = ( L e f t  hand s i d e )  t h e  t o t a l  sediment t r a n s p o r t  capaci ty i n  
l b s  f o r  sediment of s i z e  ISED es t imated  v i a  t h e  E ins t e in ,  
Meyer-Peter= approacn, 
= (Right hand s i d e )  t h e  bed load i n  l b s / f t  assuming uniform 
sediment of s ize.  ISED est imated by t h e  Meyer-Peter, Muller 
approach, 
SUSP = the  cons tant  which v i a  E i n s t e i n ' s  formulat ion r e l a t e s  t h e  
The in stein, Meyer-Peter approach e s t ima tes  the  t o t a l  sediment t r anspor t  
capac i ty  i n  load per u n i t  width of the  channel. Thus t o  ge t  t h e  t o t a l  load 
es t imate ,  t h e  E ins t e in ,  Meyer-Peter r e s u l t  should be mul t ip l i ed  by the  channel 
dep th  and s o  u s i n g  t h e  we t ted  p e r ime t e r  is c o r r e c t .  Hence, t h i s  e r r o r  can b e  
c o r r e c t e d  by s imply  removing t h e  .667 i n  L ine  1374. 
E r r o r  2 
I n  t h e  numer ica l  wa te r  r o u t i n g  i n  MSED3, t h e  DO l oop  beg inn ing  on l i n e  
233 and end ing  a t  l i n e  301 ( s t a t emen t  300)  r o u t e s  t h e  wa te r  through t h e  
channe l  r e a c h e s  f o r  each o f  t h e  t ime s t e p s ,  J u s t  p r i o r  t o  e n t e r i n g  t h i s  loop 
t h e  s ub r ou t i n e  UPLAT is c a l l e d  and i n  t h a t  s ub r ou t i n e  t h e  l a t e r a l  i n f l ow  from 
t h e  p l ane s  t o  t h e  channe l  (QLAT) is determined.  The numer ica l  method e s t i -  
mates t h e  channe l  i n f i l t r a t i o n  f o r  e ach  r e a ch  i n  r o u t i n e , .  CHINL ,  and then 
accoun t s  f o r  t h e  channe l  i n f i l t r a t i o n  i n  t h e  r o u t i n g  scheme by r educ ing  QLAT 
by an e q u i v a l e n t  amount. A s  t h e  r o u t i n g  con t i nue s  downstream, QLAT is never 
r e s e t  t o  t h e  t r u e  v a l u e  ( a s  determined by UPLAT) and s o :  
f o r  r e a c h  1 QLAT = QLAT(TRUE) 
f o r  r e a c h  2 QLAT = QLAT(TRUE) - INF ILTRATION I N  REACH 1 
and s o  on. 
problem. = 
By naming t h e  l a t e r a l  in f low a d j u s t e d  f o r  i n f i l t r a t i o n  QLATP and then 
r o u t i n g  QLATP and ma in t a i n ing  t h e  true 'QLAT f o r  each r e a c h ,  t h e  c o r r e c t  
wa te r  y i e l d  is  ob t a ined .  F igu r e  C.1 a l s o  shows t h e  c o r r e c t e d  v a l u e s  o f  water 
y i e l d  v e r s u s  t h e  number of r e a ch e s .  T h i s  r e s u l t  i s  what would be expec ted  
from an u n c o n d i t i o n a l l y  s t a b l e  numer ica l  scheme wi th  good convergence a s  
d e s c r i b ed  by L i  e t  a l .  ( 1 8 ) .  
The r e q u i r e d  cor rec t . ions  a re  a s  f o l l ows :  
LINE 256 CALL CHINL  ( K ,  S IN(K , J ) ,  QUP, DTS, A ( K , J ) )  
t o  CALL CHIML ( K ,  S IN(K,J ) ,  QUP, DTS, A ( K , J ) ,  QLATP) 
LINE 257 500 ALAT = QLAT*DTS 
Number of Reaches 
Figure C .  1 .  	 Demonstration of the Water Routing Error in MSED3 
for  the Total Runoff Volume from a 5-year Return 
Period, 60 Minute Duration Uniform Intensi ty  Storm 
on ISU-2 with 1% Ground Cover 
t o  500 ALAT = QLATPSDTS 
LINE487 SUBROUTINECHINL ( K ,  S IN(K,J ) ,  BUP, DTS,A(K,J ) )  
t o  SUBROUTINE C H I N L  (K, S I N ( K , J ) ,  QUP, DTS, A(K,J ) ,  QLATP) 
QLAT = QLAT - DE 
t o  QLATP = QLAT - DELF/(SEGL"DTS) 
LINE544 Q L A T = O  
t o  QLATP = 0 
f i n a l l y ,  i n s e r t  a f t e r  l i n e  254 (QCONC = QUP+QLAT*SLEN(K)/NDX) 
QLATP = QLAT 
Error  3 
Simons e t  a l ,  ( 28 )  s t a t e  t h a t ,  s i n c e  the  r e s i s t a n c e  due t o  a  s e l e c t e d  
p a r t i c l e  s i z e  a l s o  depends on t h e  s i z e  of t h e  p a r t i c l e s  around i t ,  t h e  
r e s i s t a n c e  f a c t o r  i s  not  allowed t o  f a l l  below ha l f  t h e  va lue  computed f o r  the 
l a r g e s t  s i z e .  I n  add i t ion ,  t he  r e s i s t a n c e  f a c t o r  is not  allowed t o  f a l l  
ou t s ide  t h e  range 0.1 t o  0 ,01 .  The numerical model, MSED3, inc ludes  t h i s  
procedure, b u t - t h e  a n a l y t i c a l  model, MSED1, does no t .  The necessary modifica- 
t i o n s  of MSEDI a r e  -
L I N E  1323 IF  (F  .GT. 0 .10)  F = 0.10 
. .-
t o  I F  ( F  .GT, FMAX) F = FMAX 
. . 
L I N E  1324 IF  (F .LT, 0.005) F = 0.005 
t o  IF  ( F  . L T .  FMIN) F = FMIM 
I n s e r t  a f t e r  l i n e  1311 (SUMPS = 0 . )  
FMAX = ~.~/(~,~~+ZYALOG~O(~~*HYRAD/DMBI(NSED)))*~~ 

IF (FMAX .GT. 0 . 1 )  FMAX=0.1 

IF  (FMAX .LT. 0 .01)  FMAX = 0.01 

FMIN = 0 .5  FMAX 
E r r o r  4 
T h i s  e r r o r  i n v o l v e s  t h e  d e t e r m i n a t i o n  of  E i n s t e i n ' s  i n t e g r a l s  J1 and J2 .  
I n  MSEDl t h e  f o l l o w i n g  s t a t e m e n t s  o c c u r :  
LINE 1354 IF (ZR .GT. 5.5  .OR. AR .GT. 0 . 5 )  GO TO 107 
L I N E  1365 107 SUSP = 0. 
While i n  MSED3: 
L I N E  709 IF (AR .GT. 0.9) GO TO 125 
LINE716 125 S U S P = O O  
By check ing  t h e  i n t e g r a l  e v a l u a t i o n s  f o r  t h e s e  a l t e r n a t e  b o u n d a r i e s ,  one can  
d e t e r m i n e  which is t r u l y  c o r r e c t .  For AR = 0 .9 ,  J1 = 0.005 and J 2  = 0.00037, 
whi le  ZR = 5 . 5  and A R  = 0.5 have much g r e a t e r  cor responding  v a l u e s  of  J1 and 
J T h e r e f o r e ,  MSEDl shou ld  b e  c o r r e c t e d  t o  a g r e e  w i t h  MSED3. 
E r r o r  5 
The e q u a t i o n  used i n  MULTSED t o  e s t i m a t e  r a i n f a l l  s p l a s h  detachment  is 
where t h e  nonporous volume o f  m a t e r i a l  de tached  by r a i n d r o p  s p l a s h ,  
a1 = .. t h ea n  e m p i r i c a l l y  de te rmined  .c o n s t a n t  d e s c r i b i n g  e r o d i b i l i t y  of 
s o i l ,  
i = r a i n f a l l  i n t e n s i t y ,  

A = a r e a  of t h e  p l a n e ,  

q = p o r o s i t y  of t h e  s o i l ,  

Ab = a n  a r e a  r e d u c t i o n  f a c t o r  which r e p r e s e n t s  t h e  f r a c t i o n  of  
u n p r o t e c t e d  o r  b a r e  s o i l  i n  t h e  p lane .  
In MSEDI, Ab is found i n  s u b r o u t i n e  PLANE a s  AR2: 
LINE 1 446 AR1 = 1-CG-FI+CG9FI 
L I N E  1447 AR2 = 1-ARI-CC+AR1 +CC 
where 	 CG = f r a c t i o n  of ground c o v e r ,  
F I  = f r a c t i o n  of impervious c o v e r ,  
CC = f r a c t i o n  of canopy c o v e r ,  
A R 1  i s  t h e n  t h e  f r a c t i o n  of t h e  p l a n e  a r e a  n o t  covered by ground cover  o r  
impervious  c o v e r .  Thus, A R 1  r e p r e s e n t s  t h a t  p o r t i o n  o f  t h e  p l a n e  a r e a  which 
is s u b j e c t  t o  over land  f low detachment.  Hence, A R I  is used l a t e r  i n  
s u b r o u t i n e  PLANE t o  a d j u s t  t h e  o v e r l a n d  detachment e s t i m a t e s :  
L I N E  1485 PS = PSI(ISED)*ARI 
While t h i s  h a n d l i n g  of A R I  is c o r r e c t ,  when i t  is used t o  f i n d  AR2 i t  is no t  
c o r r e c t .  AR2 is  supposed t o  be t h e  o v e r a l l  f r a c t i o n  o f  b a r e  s o i l ,  and s o  i t  
shou ld  b e :  
AR2 = I.-(CG+FI-CG*FI)-CC+CC*(CG*FI) 

AR2 = (1-CC)-(1-CC)*(CG+FI-CG*FI) 

AR2 = (I-CC)*(1-CG-FI+CG*FI) 

AR2 = ( 1 - C C ) 8 A R I  ( C J )  

T h e r e f o r e ,  by changing I447 t o  E q .  C.2 above t h e  program is c o r r e c t e d .  
The r e a s o n  t h i s  e r r o r  was n o t  d e t e c t e d  e a r l i e r  is because  t h e  e f f e c t  of 
t h e  r a i n f a l l  s p l a s h  detachment is masked when over land  detachment i s  
e s t i m a t e d .  Over land detachment is t a k e n - a s  
Vf  = DOF(Tc-Vr) i f  Vr < Tc 
V f  = 0 i f  V, 2 Tc 
where Tc - o v e r l a n d  t r a n s p o r t  c a p a c i t y ,  
DOF = o v e r l a n d  f low detachment c o e f f i c i e n t .  
I f  t h e  o v e r l a n d  f low detachment c o e f f i c i e n t  is f a i r l y  l a r g e  t h e  t o t a l  sediment 
l o a d :  
w i l l  b e  a  l a r g e  f r a c t i o n  of t h e  t r a n s p o r t  c a p a c i t y  r e g a r d l e s s  of t h e  accuracy  
of t h e  r a i n f a l l  s p l a s h  detachment.  Tab l e  C.1 shows t h e  e f f e c t  of  t h e  e r r o r  
f o r  v a r y i ng  v a l u e s  of  over land  f low detachment c o e f f i c i e n t .  The even t  
s imu la t ed  is t h e  ?year  r e t u r n  p e r i o d ,  60-minute d u r a t i o n  s to rm of uniform 
i n t e n s i t y  o c cu r r i n g  on t h e  ISU-2 watershed  wi th  10% ground cover  ( a l  = 0 .008 ) .  
I t  is q u i t e  c l e a r  from Table  C.1 t h a t  t h e  e r r o r  i n  t h e  program cou ld  have 
caused t h e  c a l i b r a t e d  v a l u e s  of  bo th  t h e  over land  f low and r a i n d r op  s p l a s h  
detachment  c o e f f i c i e n t s  t o  be  much g r e a t e r  than  t h e i r  t r u e  v a l u e s .  
Tab l e  C.1 
' " 
S i g n i f i c a n c e  of Area Reduct ion Fac to r  E r r o r  i n  MSEDl 
DOF Sed.  Yie ld  Sed. Yield E r r o r  Sed. Yield  Sed.  Yie ld  E r r o r  
APPENDIX D 

Einstein's Suspended Load Equation 

A derivation of Einstein's (8) suspended load relation is presented below 

to demonstrate the nature of a modification for MULTSED. 

Einstein found the suspended load per unit width of flow, qs, to be 

where u, = the shear velocity ( =  Jm) 
g = the gravitational acceleration constant, 
R = the flow hydraulic radius, 
S = the energy slope of the flow, 
Ca = the reference sediment concentration at theJeve1 y = a 
(in weight per unit volume of mixture), 

a r = the thickness of the bed layer (assumed to be 2"Ds), 
D3 = diameter of the sediment size, s, being considered, 
d = the flow depth, = 




where A T  = a,/d, 
y = distance above the bed, 
z = exponent of the suspended sediment distribution 
r 

= V s / ( O .  40 u,) 
Vs = s e t t l i n g  v e l o c i t y  o f  a  s ed imen t  p a r t i c l e  o f  s i z e  Ds 
( d e t e rm ined  by Rubey 's  e q u a t i o n ,  2 5 ) .  
If t h e  v a l u e s  i n  t h e  i n t e g r a l s  of I ,  and  I2 a r e  d e f i n e d  a s  J1  and J2, 
r e s p e c t i v e l y ,  Eq .  C.1 becomes 
E i n s t e i n  assumed t h e  f l ow  v e l o c i t y  d i s t r i b u t i o n  c o u l d  b e  d e s c r i b e d  by an  
e q u a t i o n  b a s ed  on  von Karman's s i m i l a r i t y  theorem w i t h  t h e  c o n s t a n t s  
p roposed  by Kuelegan ( 1 5 )  ( t h e  combined form f o r  t u r b u l e n t  f l ow  i s )  
where V = t h e  mean v e l o c i t y  
I f  we assume R = d 
Thus i n  MULTSED t h e  suspended l o a d  is e s t im a t e d  a s  
The 2 . 5  is  used  i n s t e a d  o f  t h e  2.25 from theory t o  a c c oun t  f o r  d i f f e r e n c e s  
be tween R and  d  and  f o r  t h e  e f f e c t s  o f  t h e  channe l  boundary  when d e f i n i n g  
V a s  t h e  mean v e l o c i t y  throughout  t h e  c r o s s  s e c t i o n .  Based on 
expe r imen t a l  r e s u l t s  E i n s t e i n  found 
where iB qB = t h e  bedload f o r  t h e  sed iment  s i z e  r e p r e s e n t e d  by f r a c t i o n  iB 
u4 = t h e  s h e a r  v e l o c i t y  cor responding  t o  t h e  g r a i n  r e s i s t a n c e .  
Hence, E q ,  D , 6  becomes 
For p r a c t i c a l  computa t ion  of suspended sed iment  l o ad  E i n s t e i n  recommended 
u s ing  u; i n  Eq. D . 1  and i n  t h e  c a l c u l a t i o n  of z r .  Th e r e f o r e ,  t h e  f i n a l  form 
. . 
pf t h e  suspended l o a d  equa t i on  becomes 
where z 
r 
= Vs/(0.4 u i )  
I i 2
u i  = (gRfS). 
R s  = t h e  p o r t i o n  of t h e  h y d r a u l i c  r a d i u s  t h a t  E i n s t e i n  r e l a t e d  t o  t h e  
g r a i n  r e s i s t a n c e  
ti^ ~ ~ ( TCF  however, i n  MUSTSEE zis t h e3 forLq.dsed i n  Y uLAobC, is c a l c u l a t e d  
r 
u s i ng  u, i n s t e a d  of  u i .  Th i s  needs  t o  be c o r r e c t e d .  
Es t ima t i on  of u i  
A s  d i s c u s s ed  above,  u i  r e p r e s e n t s  t h a t  p o r t i o n  o f  t h e  s h e a r  which is  
t r a n sm i t t e d  t o  t h e  f low from t h e  roughness  of t h e  g r a i n y  sand s u r f a c e .  A s  
such ,  i t  r e p r e s e n t s  t h e  f low energy expended on t h e  p a r t i c l e  g r a i n s ,  and 
hence i t  r e f l e c t s  a  cause  of sediment  mot ion,  I n  E i n s t e i n ' s  l i n e a r  
segmenta t ion  o f  t h e  f low r e s i s t a n c e  (and  t h e  co r r e spond ing  s h e a r )  i n t o  t h e  
p o r t i o n  due t o  g r a i n  r e s i s t a n c e  and t h e  p o r t i o n  due t o  bed form r e s i s t a n c e ,  h e  
dec ided  t o  segment t h e  h yd r au l i c  r a d i u s  i n t o  R 9  and R v ,  r e s p e c t i v e l y .  I n s t e a d  
of segment ing t h e  h yd r au l i c  r a d i u s ,  t h e  f r i c t i o n  s l o p e  cou ld  be segmented s o  
t h a t  S v  r e p r e s e n t s  t h a t  p o r t i o n  of  t h e  f r i c t i o n  s l o p e  which accoun t s  f o r  t h e  
bed r e s i s t a n c e .  Thus, u i  becomes 
Consider  t h e  Darcy-Weisbach f low r e s i s t a n c e  equa t i on  w r i t t e n  t o  de te rmine  t h e  
f r i c t i o n  s l o p e  




where f9 = 	the Weisbach resistance coefficient corresponding to the grain 
resistance, 
p = the density of water 
r 9  is already being used in MULTSED to calculate the bed load in the Meyer- 
Peter, Muller equation. Hence, u; can easily be estimated as 
